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The emission of toxic metals during the incineration of municipal solid waste
(MSW) containing metals presents potential environmental and health hazards. This
fundamental research focused on understanding lead devolatilization behavior. The
investigation was made by using a Laminar Entrained-Flow Reactor (LEFR). A mass
transfer model was developed to examine the mechanisms of the lead volatilization.
Comparisons were made between equilibrium predictions, experimental observations, and
model calculations.
The experiments were carried out in the LEFR which offers a rapid heating rate
(104°C/s), and a uniform gas environment. With a movable collector that provides rapid
quenching, the residence time in the LEFR could be controlled in the range 0.2 s to 1.5 s.
Several materials (activated carbon, silica, and glass beads) were impregnated by aqueous
solutions of PbC12 or Pb(NO3)2 to simulate solid waste contaminated by lead.
Devolatilization experiments were made in inert and oxidative environments from 600 °C
to 1100 °C. Both the remaining particles and the submicron condensed volatilized particles
were analyzed for lead.
Pb vaporization increased as the reactor temperature increased and as the
residence time increased. Below a certain threshold value, Pb vaporization increased as the
initial concentration of the contaminant increased. At higher temperatures, the fraction of
metal vaporized was independent of the initial Pb concentration. A temperature dependent
steady-state residue Pb concentration was reached after an initial period of metal
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1. INTRODUCTION 
It is well recognized that emissions from high-temperature processes such as waste 
incinerators, coal and oil combustion in power stations and industrial plants contain trace 
quantities of toxic metals. These emissions are responsible for a significant fraction of air 
pollution of such metals as antimony Sb, arsenic As, cadmium Cd, lead Pb,  mercury Hg, 
nickel Ni, selenium Se, vanadium V, and zink Zn. The main concern with respect to trace 
elements is the release of volatile trace elements to the atmosphere  as vapors and 
particulates, especially as extremely fine particulates smaller then 0.5 microns which 
conventional air pollution control devices may not always effectively collect. These 
emissions of toxic metals are a potential threat to the environment and human health. 
In 1988, approximately 24.5 million tons, or 14.5% of the 179.6 million tons of 
municipal solid waste (MSW) generated in the United States was incinerated. This amount 
is projected to increase to 45.5 million tons, or 22.8% of the waste stream by 1995 (US 
EPA, 1989). With benefits such as destruction of toxic organic compounds accompanied 
by volume reduction, potential energy recovery and applicability under  a wide range of 
conditions, incineration has become a promising MSW management option (Tillman et al., 
1989). In a matter of seconds, an incinerator can destroy a waste that might otherwise 
survive for hundreds of years in a landfill. However, the greatest challenge currently facing 
the incineration industry is public acceptance. The emission of toxic metal compounds is 
one issue of great concern due to their toxicity and potential hazards. 2 
Other sources such as coal and oil combustion in electric power stations and 
industrial plants, roasting and smelting of ores in non-ferrous metal smelters, melting 
operations in ferrous foundries, and kiln operations in cement plants result in the release of 
volatile heavy metals into the atmosphere as well. The trace element behavior during 
combustion of fuels depends mainly on: (1) affinity of elements for the fuel and its mineral 
matter, (2) physical-chemical properties of elements and their concentrations in coal and 
oil, and (3) combustion conditions (Kuhn et al., 1980). 
Table  shows global estimates of anthropogenic emissions of lead to the 1 
atmosphere in 1979/1980 (Jaworski, 1987). 
Table  1. Global estimates of anthropogenic emissions of lead to the atmosphere in 
1979/1980 (in 109 g/year). The figures for the USA and for Europe have been multiplied by 
a factor of 5 to give global estimates (Jaworski, 1987) 
Source  Nriagu (1979)  USA x 5*  Europe x 5' 
Gasoline and waste oil combustion  1770  176  176 (372) i 
Waste incineration  8.9  4.2  4.0 
Coal combustion  14  4.8  4.0 
Primary non-ferrous metal production  85  9.8  143 
Secondary non-ferrous metals  .8  2.2 
Iron and steel  50  4.1  73 
Industrial applications  7.4  1.6 
Wood combustion  4.5  2.8 
Phosphate fertilizers  .1  .4  .03 
Miscellaneous  5.9  1.2  3.8 
Total  354  202  419 3 
Table 1. (Continued) 
*	  Data from EPA (1983). 
Data compiled by Pacyna (1984). 
o	  This number assumes that there has been a 35% reduction in the consumption of leaded 
gasoline between 1975 (the base year used in the original calculation) and 1979/80. 
The figure in brackets, which corresponds to the reported estimate for Europe, seems to be too 
high. 
The emitted fine particles of toxic metals can travel a long distance in atmosphere. 
These particles can penetrate deep into the lungs where the toxic metals would be in close 
contact with the blood supply (Natusch and Wallace, 1974). Table 2 lists the estimated 
threshold values for chronic exposure to lead, methyl mercury, cadmium and inorganic 
arsenic (Hutton, 1987). Lead and lead compounds are very toxic and have a significant 
effect on the neurophysical performance of humans, specially children (Jaworski, 1987). 
The Environmental Protection Agency (EPA) and the private sector have been 
conducting incineration research since the enactment of the Resource Conservation and 
Recovery Act (RCRA) (Lee, 1988). The Clean Air Act Amendments of 1990 classifies 
198 substances as hazardous air pollutants (HAPs) of which 11 are metals and their 
compounds. Regulations have been proposed to set lesser quantity emission rates for 47 
HAPs of which 7 are metals (Trichon and Chang, 1992). 
Over the last decade a number of studies have characterized processes for metals 
emissions by gathering data from field incinerator operation or trial burn studies, 
theoretically predicting metals distribution,  investigating the fate of metals in the 
combustion process, identifying mechanisms of metallic aerosol formation and growth, 
developing physico-chemical models, searching different methods for better metal capture, 
and investigating different incinerators and combustors under different conditions. 4 
Table 2. Estimated threshold values for chronic exposure to lead, methyl mercury, 
cadmium and inorganic arsenic (Natusch and Wallace, 1974) 
Metal  Effect 
Lead  ALA-D 
FEP 
Methyl- Earliest 
mercury  signs and 
symptoms 
Cadmium  f32-m 
cancer 
Arsenic  Skin cancer 
(inorganic 
compounds) 
Estimated 
threshold 
11 µg/dl 
15-20 j.ig/d1 
Blood lead 
20 pg/gm 
hair 
80 ng/ml 
blood 
150 14/day 
dietary 
intake 
20014/liter 
in drinking 
water 
Reported values 
in the general 
population  or 
background 
10-20 1.ig/d1 
2 µg/gm 
10 ng/ml 
20-70 µg/day 
2µg/liter 
Note and authorities 
Data refer to children. Value for ALA-D is 
for a 10% prevalence rate (Piotrowski and 
O'brien, 1980; Biomelli et al.. 1982). 
Thresholds refer to non-pregnant adults. 
The threshold for the fetus is considered to 
be lower. Background values strongly 
influenced by fish consumption 
(Piotrowski and Inskip, 1981) 
Threshold refers to 50-year daily intake 
needed to cause elevated urinary I32-m in 
10% of the population with average body 
weight of 70 kg (Kjellstrom, 1980; Hulton, 
1983).
 
Threshold refers to 5% prevalence after
 
lifetime (70 years) exposure (WHO, 1981)
 
There are several data reports on field incinerators and industrial combustors. 
Trenholm et al. (1984a, 1984b) reported lead emission data from four different incinerator 
sites with air pollution control devices (APCs) and also arsenic emissions data from small 
commercial boilers at six different sites. Law and Gordon (1979) have identified various 
sources of metals in MSW incineration. In addition, a number of fundamental studies have 
been conducted to understand metals behavior during incineration and combustion. Lee 
(1988), Mojtahedi et al. (1989), and Larjava (1993) have suggested a thermodynamic 
equilibrium approach to predict metal distribution amongst different phases. Barton et al. 5 
(1990), Eddings and Lighty (1992), and Wu and Biswas et al. (1993) investigated the fate 
of metals in waste combustion system. Mulholland and Sarofim (1991a, 1991b) identified 
mechanisms of metallic aerosol formation and growth in controlled high temperature 
laboratory scale systems. McNallan et al. (1981) reported the results of a theoretical study 
of the homogeneous nucleation of submicron inorganic particles in gases formed by the 
combustion of coal. The model has been used by many metal particle researchers. 
The efficiency of metallic particles removal by air pollution control devices 
(APCD) depend on their particle size. Electrostatic precipitators (ESP) and fabric filters 
are commonly used APCDs (White, 1984). These conventional APCDs, however, may not 
always be sufficiently effective in collecting submicron size metal particles. The capture of 
heavy metals by a number of sorbents has been investigated by Uberoi and Shadman 
(1990, 1991a). Lee and Johnson (1980), Punjak et al. (1989), Scotto et al. (1992) studied 
high-temperature adsorption of alkali vapors on solid sorbents. Uberoi and Shadman 
(1991b) studied the simultaneous condensation and reaction of metal compound vapor in 
porous solids. Ho et al. (1992, 1993a, 1993b) have studied the use of sorbents in a 
fluidized-bed reactor to improve metal capture. 
Little fundamental research focusing on the devolatilization (vaporation) behavior 
of metals in waste combustion systems has been completed. Because of the potential risk 
associated with toxic metals emissions, the development and implementation of metals 
emissions control cannot wait until fundamental research has been completed. The 
devolatilization behavior of metals, however, is very important for the removal of metal 
species in emissions control devices. Even more important is that understanding metals 
devolatilization behavior may help prevent metals devolatilization. 
In this study lead devolatilization was investigated using a Laminar Entrained-Flow 
Reactor. Several materials (activated carbon, silica, and glass beads) were impregnated by 
aqueous solutions of PbCl2 or Pb(NO3)2 to simulate solid waste contaminated by lead. 
Devolatilization experiments were made in inert and oxidative environments from 600 °C 6 
to 1100 °C. Both the remaining particles and the submicron condensed volatilized particles 
were analyzed for lead. A mass transfer model was developed to examine the mechanisms 
of the lead volatilization. Comparisons were made between equilibrium predictions, 
experimental observations, and model calculations. 7 
2. LITERATURE REVIEW
 
2.1 Thermodynamic Considerations 
In order to understand the processes which control metals emission, we must first 
know the distribution of metals between different phases. The limited data from field 
incinerator operation or fluidized-bed combustion of coal is highly variable. Many 
researchers worked on predicting the distribution and level of trace metal compounds 
based on the equilibrium thermodynamic state of each metal at projected  operating 
conditions (Lee, 1988 and Mojtahedi et al., 1989). 
Global thermodynamic analysis can be used as a good first approximation when 
kinetic data are not available. It can also be used to predict the form and compounds that 
the trace elements are to be found in, in the gas and condensed phases. But it also has 
limitations. One is that the predictions are dependent on the accuracy of the data, and 
thermochemical data are notoriously difficult to obtain for all the species of interest, 
especially at high temperatures. A second limitation is that it can only estimate conditions 
at thermodynamic equilibrium. The assumption that all trace element species are at 
equilibrium is probably not valid. 
Mojtahedi et al. (1989) used a computer program developed by Eriksson (1975) to 
calculate the distribution of four trace metal species (Cd, Hg, Pb, Zn) in various phases at 
varying temperatures, pressures and sulfur-contents of coal and MSW under fluidized-bed 
combustion (FBC) and fluidized-bed  gasification (FBG) conditions.  76 chemical 
compounds (49 gaseous and 27 condensed species) were considered. The program is 
based on the minimization of Gibbs free energy. 8 
The MSW used in the calculations contained 0.02 mol Pb, 0.5 mol Zn, 10-3 mol 
Cd, 5 x 104 mol Hg, and 5 mol Cl based on 1000 mol carbon. When the temperatures 
were above 700 °C, 100% of the Pb was volatilized at atmospheric pressure with highly 
oxidizing conditions. The volatile compounds of lead formed include lead tetrachloride 
PbC14(g), lead dichloride PbC12(g), lead difluoride PbF2 (g), lead oxide PbO(g), lead 
monohydride PbH(g), and monatomic lead Pb(g). Over the temperature range 600-1000 ° 
C, PbC12 was the favored volatile species showing a maximum at 700 °C. At high 
temperatures above 1000 °C, PbO was the dominant volatile species. 
Lee (1988a) used a simplified thermodynamic equilibrium model that he had 
developed to provide preliminary estimates of metal partitioning (distribution) during 
incineration. He gave an example of an application to illustrate how a thermodynamic 
model can be used to determine the behavior of a reactive metal during incineration. Two 
kinds of reactions, oxidation and chlorination, were considered. 
Lee used the metals partitioning model to demonstrate how the equilibrium based 
model can be used to examine the impact of key operating conditions on the partitioning 
of metals. The first parameter which was examined using the equilibrium model was the 
chlorine content of waste. The partitioning model was used to predict how the chlorine 
concentration in the waste would affect the behavior of chromium. As the chlorine 
concentration increases, more of the chromium is converted to CrO2C12 and vaporized. 
The second parameter that was examined was the incinerator temperature. As the 
temperature increases more Cr2O3 would be formed. The final parameter which was 
examined was the quantity of combustion air used. The amount of oxygen available 
increases the quantity of chromium present as CrO2C12. However, the impact is small 
compared with that of the incinerator temperature and the chlorine content of the waste. 
Once thermodynamic models such as this have been verified by field test data or 
laboratory data, the models could have a wide variety of applications, for example, to 
estimate the accuracy and consistency of data; to determine which operating parameters 9 
should be specified in a permit; and to help determine the risk associated with incinerating 
a metal bearing waste. It is possible to use a fully field validated model to project the fate 
of trace metals in an incineration system. This would be of considerable assistance e.g. in 
effectively designing incinerator trial burn test conditions to obtain an operating permit. 
2.2 Mechanisms of Metal Species Behavior in Combustion Devices 
Little fundamental research focusing on the behavior of metals in waste 
combustion systems has been completed. Present studies show that the formation of toxic 
heavy metal fume during incineration is a result of vaporization of volatile metal species 
and subsequent homogeneous nucleation of the supersaturated metal vapors to a fume 
(Germane and Zoller, 1988: Lee, K. C., 1988; Quann and Sarofim, 1982). Further 
condensation of these metals takes place on this fume due to its high surface area-to­
volume ratio. This leads to highly toxic emissions of concentrated fine particulates which 
are difficult to capture and have tremendous bioavailability (Denison, 1988; Ulrich,1978). 
Minimization of metal vaporization from its host substrate is critical in limiting stack 
emissions of toxic heavy metals. The safe design and operation of incineration systems that 
handle metal-bearing wastes are dependent on an understanding of the rates and 
mechanisms involved in the vaporization of the metal contaminants (Penner et al., 1988; 
Vogg, 1987). 
Figure 1 is a simplified schematic of an incineration system showing the streams 
into which metals could partition. A number of phenomena play a role in determining the 
behavior of metals during incineration of metal bearing wastes. These phenomena include 
(Lee, 1988): 
Vaporization of metals from the waste 10 
Entrainment of ash particles 
Condensation of metal vapors 
Coagulation of particulates 
Wall deposition of vapors and particulates 
Particle removal by air pollution control devices. 
Flue gas effluent 
(fly ash, vapor,etc.) 
Secondary
Primary	  Additional combustor Waste	  Scrubber combustion	  APCDs (afterburner) feeder  chamber	  (as necessary) 
Ash  Ash	  Spent  Particulate 
water 
Figure 1. Schematic of an incineration system showing the streams into which metals 
could partition 
One of the most important of these phenomena is the vaporization of metal species 
from the burning waste. Most of the particles that will eventually be emitted from the 
incinerator are formed by the condensation of vaporized species. 
Figure 2 illustrates the mechanisms thought to control metal behavior in a variety 
of combustion systems (Neville and Sarofim, 1982). Metals are present in solid waste as 
either small mineral inclusions  in the large organic matrix or elemental  species 
incorporated in the structure of the organic compounds (Barton et al., 1990). As the 
organic material burns away, the metals are exposed to the hot, oxygen depleted zone 
immediately adjacent to the particle. 11 
Burning spray  Homogeneous 
of liquid waste  condensation 
61. 
Vapor 
Reducing 
environment 
io goo 
- .....  ' 
0.02pm 
Fume nuclei 
Coagulation 
Individual 
particle or 
droplet 
Heterogeneous 
condensation  --"%i 
a  ... 
a  ch 
a o 
Fume, 0.02 -fpm 
Fly ash, 10 pm 
Entrainment 
Ash  Residuals Burning bed 
of solid waste 
Figure 2. Metal behavior in combustion systems 
The species which vaporize move away from the waste into a cooler, more oxygen 
rich atmosphere where they can undergo reactions or condense. The condensing species 
form new particles (homogeneous nucleation) as well as deposit on the surfaces of 
particles which already exist (heterogeneous deposition). The newly formed particles are 
around 0.02 i_tm in diameter and grow due to coagulation and further condensation to 
range in size from 0.02 to 11.1m. 
A number of reactions can occur when metals are exposed to the atmosphere 
surrounding the burning waste. The locally reducing conditions promote reactions in 
which the metals form species with lower oxidation states than are present in the original 
waste. In addition, the metals can react with other elements liberated from the organic 
matrix such as chlorine and sulfur. These newly formed species are generally more volatile 
than the metal species originally present in the waste. 12 
Two mechanisms associated with the condensation process, homogeneous 
nucleation and heterogeneous deposition occur simultaneously but at different rates 
depending on process conditions. 
Homogeneous nucleation may occur when the partial pressure of an inorganic 
vapor species exceeds a certain critical value. The incineration gases may become super­
saturated as a result of rapid cooling of the gas or rapid formation of a new and relatively 
nonvolatile species. The rate of homogeneous condensation is predicted using the classical 
Becker-Doring approach as presented by Friedlander (1977): 
P  cr(V.)2/3  - 16 go-3 (V,)2 I  2  ][n(V,)2'3][  r2 exp[  ]  Eq 1
(2 gM ,kT)u '  kT  3(kT)3 (ln S)2 
where I = nucleation rate (s' m-3), P = partial pressure of the species of interest (atm), 
Mm = molecular mass (kg), k = Boltzman's constant (J/K), T = temperature (K), Vm = 
molecular volume (m3), a = surface tension of species of interest as a condensed liquid at 
temperature T (N/m), n = concentration of species of interest (P/kT), S = saturation ratio 
(P/ Pe), and Pe = equilibrium vapor pressure of species of interest (atm). 
Heterogeneous deposition occurs when surfaces are available for condensation and 
the supersaturation is low. Particles already in the incineration chamber or chamber wall 
may be sites for the heterogeneous condensation of the condensable species. 
The approach used to model heterogeneous condensation depends on the size of 
the particles onto which the material is condensing. For particles much smaller than the 
mean free path of the gas (about 0.25gm), an expression derived by Friedlander (1977) 
based on the kinetic theory of gas is used: 13 
dV  and.V,(P - Pe) 
Eq 2
dt  (2 RA 1 ,kT)112 
where dV /dt = change in particle volume with time (m3/s) and a = an accommodation 
factor accounting for the fraction of the molecules which collide with the surface and do 
not stick (usually set to 1). For particles larger than the mean free path of the gas, a gas 
phase diffusion expression is used (McNallan et al., 1981). 
Barton et al. (1990) discussed the mechanisms which control the emission of trace 
metals from waste combustion systems. According to them, the important phenomena 
include particle entrainment, chemical interactions, vaporization, condensation, particle 
coagulation and particle collection by flue gas cleaning equipment. They developed a 
model to estimate the relative importance of these phenomena and to assess the potential 
impact of waste combustor operating parameters on metals emissions. The results were 
used to develop a method of assessing the ability of waste combustion devices to control 
the emission of toxic metals. 
Barton et al. used the metals partitioning model to assess the potential effect of 
various waste combustor operating parameters on metals emissions. Parameters found to 
be important include: 
Combustion chamber temperature. The temperature of the burning waste has one 
of the strongest effects on the predicted behavior of metals. They illustrated the impact of 
temperature on representative metals' effective vapor pressures (The effective vapor 
pressure is the sum of the vapor pressures of all species containing the metal of interest 
present at equilibrium weighted by their relative concentrations). First, the vapor pressures 
of all metals increase sharply with temperature. A ten-fold increase in the vapor pressure 
can result from a temperature increase as small as 20K. Second, the vapor pressures vary 
widely from metal to metal. Third, all the vapor pressures shown are very small, typically 
less than 1 x10-6 atm. This indicates that only a small quantity of each metal will vaporize. 14 
However, because of the enrichment of vaporized species on small particles, the ability of 
small particles to penetrate deep into the lung, a small quantity of vaporized material is 
sufficient to be a potential health threat. 
Waste chlorine content. The quantity of chlorine in the waste has a significant 
effect on the vapor pressure of many metals. Generally, chlorides are more volatile than 
the corresponding metal oxides or uncombined metals. The effective vapor pressures of 
many metals increase as the concentration of chlorine increases and more of each metal is 
converted to metal chloride. However, once the metal has been completely converted to 
metal chloride, the presence of additional metal has no further effect on the vapor pressure 
of the metal. Heterogeneous and homogeneous condensation occur simultaneously at 
different rates. 
Flue gas cleaning system operation. Pressure drop, a key operating parameter, 
and particle size affect the collection efficiency of a typical venturi scrubber. The 
collection efficiency increases with pressure drop for all particle sizes. However, the 
efficiency is small for particles less than 11.tm in diameter. The particles typically formed by 
homogeneous combustion, those around 0.111m, were collected with efficiencies of less 
than 40 percent at all pressure drops examined. 
Wu et al. (1993) similarly combined aspects which lead to ultimate risk posed by 
the emitted metals from incinerated waste into a system model as Barton et al. (1990) did. 
The entire process is divided into four major modules: metal transfer, pollution control, 
dispersion and exposure. The approach used to estimate metal transport in each module is 
described in their paper. Application of the approach is demonstrated for a Mass Burn 
and three types of Refuse-Derived Fuel (RDF) incinerator facilities (typical types of 
incinerators used to burn MSW). 
To assess the importance of a number of parameters which affect metal emissions 
from incinerators, Wu et  al.  also conducted a sensitivity analysis by varying the 15 
temperature in the incinerator, MSW feed rate, particle size distribution, and temperature 
in APCD. Indicated by the modeling results,  operating the incinerator at lower 
temperatures is preferred to reduce metal emissions, though, the relative reduction is not 
very significant for volatile metals. On varying Cd, Hg and Pb in the MSW feed rate, a 
nearly linear change is observed in the relative exposure as a function of their amount in 
the waste. 
2.3 Metal Volatilization Studies 
Some researchers focus their studies on each mechanism for investigating metal 
behaviors. Edding and Lighty (1991) constructed a Differential-Bed Reactor which allows 
investigation of the vaporization behavior of metal contaminants during incineration of 
their host substrate. Comparisons were made between equilibrium predictions and 
experimental observations for a number of different metals (Pb, Cr, Cd, Ni, Zn, and Cu) in 
chlorinated, inert, and reducing environments between 150 °C and 650 °C. The computer 
model used for the calculation of equilibrium partitioning of the metal species was the 
1989 update of the program of Gordon and McBride (1976). 
It was determined that a knowledge of the elements associated with the initial 
metal species present on the solid contaminant can be important in attempting to predict 
metal behavior. More sophisticated analytical methods need to be developed to be able to 
distinguish between different species of the same metal as these species can exhibit varying 
degrees of volatility and reactivity.  Evidence also indicates that in the absence of other 
effects, PbSO4 will probably not exhibit the same volatile behavior as PbO in the presence 
of HCl due to its low reactivity with HC1 and its thermodynamic stability. 16 
In addition, the determination of the range of species to be included in equilibrium 
calculations may need to be verified experimentally. Based on their observations as well as 
those of other investigators,  it appears that the formation of volatile PbC14 is not 
kinetically favorable under the experimental conditions investigated. Inclusion of this 
species in vaporization calculations may result in erroneous predictions. Also, there was a 
significant amount of Cu vaporization exhibited under nearly all of the conditions 
investigated that was not predicted by the equilibrium calculations. It is possible that an 
important Cu species was not being considered in the equilibrium model. The Pb was 
predicted to vaporize slightly but there was no vaporization observed experimentally. 
Results of vaporization experiments using PbC12 deposited on silica particles 
demonstrated a level of contamination below which vaporization of the  surface 
contaminant was not observed. Equilibrium predictions of the experimental conditions did 
not reflect this behavior. There appears to be a strong binding of some metal species by 
the silica particles at low contamination levels which may be due, in part, to surface 
adsorption. More research is needed in addressing interactions between substrates and 
metal contaminants, in particular, the difference between multiple-layer and monolayer 
coverage. Significant vaporization of PbC12 from the silica particles was only detected at 
high initial concentrations and the extent of vaporization appeared to be independent of 
experimental variations. 17 
3. EXPERIMENTAL PROCEDURE
 
3.1 Reactor 
The experiments were conducted in a laboratory scale laminar entrained-flow 
reactor (LEFR). A schematic of the apparatus is shown in Figure 3. The LEFR consists of 
two mullite tubes inside a vertical 3-zone high temperature electrical furnace. There is a 
downward flowing high temperature gas stream at laminar conditions through the inner 
mullite tube which is the main part of the reactor. The primary flow, a low temperature 
gas stream carrying particles, is injected at the center of the reactor. The secondary flow is 
introduced into the annular space between the tubes which is used to preheat the 
secondary flow. When flowing upward through this space, the gas reaches the operation 
temperature and then turns and flows downward through a flow straightener and into the 
smaller of the tubes. The primary and secondary flows then merge to form a single laminar 
flow. 
The length of the heating zone is 80 cm and the inside diameter of the mullite tube 
is 70 mm. The electrical heater can operate at temperatures up to 1200°C. The 
temperature of the reactor wall and the secondary flow are expected to be about the same. 
The heating zones of the reactor are controlled with an Omega CN 76000 Microprocessor 
Based Temperature/Process Controller capable of ramping to its set point temperature at a 
maximum heating rate of 300°C/hr. All gas flows are controlled by Omega FMA 5600 
Electronic Mass Flow Meters (MFM). 
The particles are initially entrained in the low temperature primary gas stream to 
prevent changes from occurring before reaching the reaction zone. When the particles 
enter the reactor, they are simultaneously exposed to the high temperature secondary 18 
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Figure 3. Schematic of the laminar entrained-flow reactor 19 
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Figure 4. An example of the particle temperature history for activated carbon at different 
reactor temperatures 
flow and the hot walls of the reactor. The small particle size results in a rapid heat 
transfer rate (in excess of 104°C/s). The particle temperature history, which was 
calculated by using a computational fluid dynamic model developed by Flaxman (1987), 
is shown in Figure 4. A particle velocity history and a 3-dimensional gas velocity history 
are shown in Appendix A Figures A.1 and A.2. 
The plots of the particle temperature history show that the heating rate of particles 
in the LEFR is very fast, with the final temperature reached within 0.1 s after injection. 
When the particles and gases reach the collector, they are quenched with nitrogen 
to stop reactions. Most of the quench gas is fed into the first inch of the collector to 
ensure a rapid cooling. The rest flows through the porous wall of the collector to avoid 
thermophoretic deposition of aerosol particles. The residence time can be controlled in 20 
range 0.2 s to 1.7 s by moving the collector up and down or by changing the gas 
velocities. The residence times were also calculated using Flaxman's model. 
After the quenching, the particles are separated. Larger particles are removed by a 
cyclone with a nominal cut size of 3 1.1M and fine particles are collected on a nylon 
membrane filter with 0.8 pm pore size located before the exhaust duct. Filters with this 
pore size are effective in collecting particles as small as 0.1 gm. 
3.2 Solid Material Preparation and Analysis 
For our tests, different solids were impregnated with lead compounds to simulate 
waste contaminated by lead compounds. The solid materials used were activated carbon, 
silica, and glass beads. The particle size of the glass beads was about 35 1.1.M. The other 
original solid materials were ground in a jar mill, sieved, and collected at a particle size 63­
901.1.M diameter for activated carbon and 38-90 pim for silica. 
All contaminated solid materials were prepared by aqueous impregnation. Aqueous 
solutions were prepared by dissolving PbC12 and Pb(NO3)2 in distilled water. Two 
concentrations of PbC12 were used for preparing activated carbon contaminated with a 
"low" and "high" concentration of Pb. PbC12 and Pb(NO3)2 properties and their aqueous 
solutions prepared are listed in Appendix B Table B.1, B.2 and Figure B.1. Since PbC12 
predominates only at pH < 5.0 (Vernon et al., 1980), concentrated HC1 was added to the 
PbC12 solution during the mixing. A suspension of the substrate in the salt solution was 
mixed for 4-24 hours. Excess solution was decanted out and the remaining solid material 
was dried at 105 °C for 24 h. These solid materials were used as feed materials in our 
experiments. Table B.3 in Appendix B summarizes all the contaminated solid material 
(SM) impregnation conditions and concentrations.  Figure 5 shows the Scanning 21 
Electron Micrograph (SEM) with a Pb line  profile of activated carbon particles 
contaminated with high concentration of PbC12 (SM13). More SEM/x-ray pictures are 
shown in Appendix C. 
To determine the concentration of Pb, the solid material as well as cyclone and 
filter catch particles were digested by strong acids according to EPA Method 3050 
(1986). Total Pb concentration in the solids in ppmw was analyzed by Atomic Absorption 
Spectrometer (AAS). The analytical procedures (including EPA Method 3050 and AAS 
method) are in Appendix D. 
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Figure 5. SEM with Pb line profile of activated carbon particles  impregnated with high 
concentration of PbC12 (SM13) 22 
3.3 Experimental Plan 
The effect of temperature on PbC12 devolatilization from activated carbon in an 
inert environment (100% N2) was investigated. The effect of different concentrations of 
Pb on the activated carbon as well as the effect of an oxidative environment (8% 02 in N2) 
and an inert environment were studied. Activated carbon is a porous material and we also 
compared it with silica which is a less porous material at 900 °C in both inert and 
oxidative environment, and compared several points with glass beads that are also 
nonporous in the inert environment. Pb(NO3)2 is  less volatile than PbC12 and its 
volatilization from activated carbon with different contamination concentrations was 
studied in the inert environment. Table 3 summarizes the experimental plan and the solid 
materials used. 
Table 3. The experimental plan and the solid materials used 
Heavy metal salt  PbC12  Pb(NO3)2 
Solid material  activated carbon (AC)  silica  glass beads  AC 
Gas Environment  100% N2  8% 02  100% N2  8% 02  100% N2  100% N2 
Contamina. Conc.  high  low  low  high  low 
SM  SM13  SM12, 14  SM17  SM19  SM19  SM11, 10  SM8  SM7 
Reactor temp.  Concentration of Pb in contaminated solid material (ppmw) 
600 °C  4240 (set 4)  1673 (set 1)  1308 (set 6)  228  13214  1629 
900 °C  4240 (set 5)  1673 (set 2)  1308 (set 7)  540 (set 9)  540 (set 10)  229  13214  1629 
1100 °C  1907 (set 3)  1308 (set 8) 
All of the LEFR experimental run data and AAS analysis data are in Appendix E 
and F. 23 
4. EQUILIBRIUM CALCULATIONS
 
The computer model used for calculating equilibrium partitioning of metal species 
was HSC Chemistry for Windows software (1994). The HSC is a chemical reaction and 
equilibrium software with extensive thermochemical database developed by Outokumpu 
Research-Finland. The software requires the input of the composition and phases, total 
pressure, and temperature range. All species of interest in the system should be selected, 
even if their initial concentrations are zero. The total feed amount of each species from 
each set of experiment was used as the system. By minimizing the Gibbs free energy of the 
system, an optimization routine can find the final equilibrium composition. PbCl4 was 
omitted from the equilibrium calculations. Detailed explanation is in later part of this 
chapter. 
As an example, the equilibrium calculation results of two sets of conditions for 
activated carbon solid material experiments are shown. Table 4 lists these experimental 
conditions used for AC at 100% N2 and 8% 02 environments. Both runs have the longest 
residence time in each set of experiments. Table 5 lists chemical species considered in the 
equilibrium calculations for these experimental conditions. 
Figures 6 and 8 give predictions of the gas and solid lead compound distributions 
in the inert and oxidative environments. Figures 7 and 9 give the lead species phase 
diagrams. PbC12 is the dominant gas species at low temperatures in both environments. At 
high temperatures PbC1 and Pb are important in the inert environment and PbO is 
important in the oxidative environment. From the phase diagrams, we can see that all of 
the Pb is volatilized at 400-800 °C in the inert environment. When temperature is above 
900 °C, about 80-90% of Pb is volatilized. However, there is 100% devolatilization in the 
8% 02 environment for almost all of the temperature range. 24 
Table 4. Conditions of two experiments used for equilibrium calculation 
Solid material 
Experiment ID 
Initial concentration 
Residence time 
Input gas oxygen content 
Pressure 
Feed materials 
C
 
N2
 
02
 
PbC12
 
Activated Carbon
 
Test 46
 
1907 ppm Pb
 
1.459 s
 
0 %
 
1 bar
 
mol
 
7.2129E-02
 
1.368
 
0
 
7.98E-06
 
Activated Carbon
 
Test 68
 
1308 ppm Pb
 
1.503 s
 
8 %
 
1 bar
 
mol
 
4.212E-02
 
6.98E-0.1
 
6.07E-02
 
3.195E-06
 
Table 5. Chemical species considered in the equilibrium calculations for these experimental 
conditions 
Chemical Species Considered 
Test 46  Test 68 
C(g)  C(g) 
Cl(g)  C0(g) 
C12(g)  CO2(g) 
N(g)  Cl(g) 
N2(g)  C12(g) 
Pb(g)  N2(g) 
Pb2(g)  NO(g) 
PbC1(g)  NO2(g) 
PbC12(g)  0(8) 
CC14  02(g) 
C2C14  Pb(g) 
C2C14(B)  PbC1(g) 
C6C16  PbC12(g) 
PbC12  PbO(g) 
PbC14  PbCO3 
C  PbO 
C(D)  Pb02 
Pb  Pb304 
PbO *PbCO3 
C 
Pb 25 
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Figure 6. Prediction of gas and solid lead compound distribution in the inert environment 
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Figure 9. Lead species phase diagram in the oxidative environment 27 
Comparisons were made between omitting PbC14 (g) in a equilibrium calculation 
and including it. For including PbC14 (g), Figures 10 and 12 give predictions of the gas 
and solid lead compound distributions in the inert and oxidative environments. Figures 
11 and 13 give the lead species phase diagrams. 
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Figure 13.. Lead species phase diagram in the oxidative environment (including PbC14 (g)) 
There are big differences between omitting PbC14 (g) and not omitting PbC14 (g) 
from the equilibrium calculations. There was more Pb in the gas phase when PbC14 (g) was 
not omitted. This is because PbCl4 has significant vaporization at lower temperature, but 
its formation depletes the Cl that would otherwise be available for PbC12 formation. A 
previous  experimental  study  on Pb /Cl  interactions  using  molecular-beam mass 
spectrometry cited that PbCl4 was not detected as a volatile reaction product between 
27°C and 627 °C (Balooch, et al., 1984). 
The results omitting PbC14 (g) formation were used as the basis for the comparison 
of experimental results and equilibrium predictions. 30 
5. EXPERIMENTAL RESULTS
 
5.1 Material Balance 
For each experiment, the materials collected by the cyclone and the filter were 
weighed and the Pb concentration in them was measured. Total particle mass and mass of 
Pb balance closures were calculated based on these. Mass balance is important in deciding 
the feasibility of LEFR. Figure 14 shows the total mass and Pb recovered in the filter and 
cyclone for the experiments that have the longest residence times for each set of 
experiments. Table 6 lists conditions for these experiments. For the rest of experiments, 
the total mass and Pb recovered are listed in Appendix E, in the LEFR data analysis 
sheets. 
From Figure 14, we can see that in most experiments the total mass and Pb 
recovered were about 80%. Only in the experiments with AC in 8% 02 (ID # 6, 7, 8) the 
total mass and Pb recovered were low. 
Here we need to point out specially that for AC in 8% 02, the sum of the cyclone 
catch and the filter catch should not equal the total mass input because part of AC became 
burned during the experiment. The combustion products, CO and CO2, were not collect 
and so the total mass recovery for AC in 8% 02 was always low. The total mass balance 
only tells what happened to the carrier solid materials because the concentration of Pb was 
so low in the solid material. 
The reason for the total mass balance being less than 100% is that some material 
accumulated in the reactor. Between two experiments, high flow rate N2 gas was used to 
blow out any particles accumulated in the particle transport tubes, injector and any 31 
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Table 6. Examples of experiments that have the longest residence times for each set of 
experiments 
Experimental conditions  ID #  T( °C)  Residence time (s)  Experiment #  set # 
AC, 100% N2, low Pb  1  600  1.22  Test 36  set 1 
2  900  1.03  Test-31  set 2 
3  1100  1.46  Test-46  set 3 
AC, 100% N2, high Pb  4  600  1.22  Test-38b  set 4 
5  900  1.02  Test-34  set 5 
AC, 8% 02, low Pb  6  600  1.63  Test-69  set 6 
7  900  1.50  Test-68  set 7 
8  1100  0.40  Test-65  set 8 
Silica, 100% N2  9  900  1.19  Test-78b  set 9 
Silica, 8% 02  10  900  1.20  Test-80b  set 10 32 
surface in the reactor and collector. Particle accumulated in the cyclone and filter casing 
were cleaned by paper cloth. Since we can not efficiently collect particles during the 
cleaning, these were probably the main reasons for lost material. Some experimental errors 
were also counted for the material lost. 
For the low Pb recovery, the reason maybe errors in the AAS analysis. Since AC 
was burned out during these longest residence time reactions, there was not as much 
material for analysis as in the rest of the experiments. The smaller the amount of cyclone 
and filter catch material left the greater the analysis error. 
When analyzing the experimental results it was assumed that all Pb that became 
volatilized condensed during quenching and that all the particles condensed were collected 
in the filter. The condensation may have been either homogeneous or heterogeneous. The 
fraction of Pb volatilized could thus be in principle determined either based on the amount 
of Pb in the cyclone catch or in the filter. For each experiment, two values characterizing 
the amount of Pb devolatilization were calculated. The fraction of Pb remaining in the 
solid material (X) was calculated as the concentration of Pb in the cyclone catch 
divided by the concentration of Pb in the feed material. The fraction of Pb in the fine 
particles (Y) was calculated as the moles of Pb in the filter catch divided by the moles 
of Pb in the feed material. 
This was decided to be that the first one of these two is the most reliable measure 
of Pb devolatilization in the experiments. Because of reasons discussed earlier, the cyclone 
numbers are believed to be more reliable than the filter catch numbers. The use of the Pb 
concentration in the cyclone catch instead of the amount of Pb eliminates the impact of 
material balance closure in the experiments. Further, the concentration based value is 
unaffected by the transport of any non-volatilized carrier material in the fine particles. 
For all of the experiments, summary tables are listed in each subheadings of this 
chapter. The tables include: 33 
1) the concentrations of Pb in the cyclone catch 
2) the fractions of Pb remaining in the solid material (X) 
3) the concentrations of Pb in the filter catch 
4) the fractions of Pb in the fine particles (Y) 
In this chapter, for the first sets of experimental conditions, AC in 100% N2 
environment (sets # 1, 2, 3, 4, 5), I will give figures of 1) the concentrations of Pb in the 
cyclone catch and 2) the fractions of Pb remaining in the solid material (X) as a function of 
residence time, as well 3) the concentrations of Pb in the filter catch and 4) the fraction of 
Pb in the fine particles (Y) as a function of residence time. For the rest of the experimental 
conditions, AC in 8% 02 (sets # 6, 7, 8), silica in 100% N2 (set # 9), and silica in 8% 02 
(set # 10), I will only show 2) the fractions of Pb remaining in the solid material (X) as a 
function of residence time and 4) the fraction of Pb in the fine particles (Y) as a function 
of residence time. 
5.2 Activated Carbon in the Inert Environment (100% N2) 
The devolatilization of lead from AC contaminated with different concentrations of 
Pb was measured in 100% N2 at different temperatures. The result summary is shown in 
Table 7 and Figures 15-18. Figure 15 and Figure 16 show the concentrations of Pb in the 
cyclone catch and the fraction of Pb remaining in the solid material as a function of 
residence time. 34 
Table 7. Experimental results, made in inert environment (100% N2) at different 
temperatures for activated carbon impregnated with both low and high concentration of 
PbC12 solution 
Residence  Conc. of  Fraction of Pb  Conc. of  Fraction of Pb 
SM  Test #  T  Time  Filter Catch in fine particles Cyclone Catch  Remaining in SM 
°C  s  ppm Pb  %(mol/mol)  ppm Pb  Vo(ppm/ppm) 
SM12  0.00  1673  0.0  1673  100.0 
(low Pb)  TEST-27  600  0.44  1867  6.2  1698  101.5 
TEST-28  600  0.63  4730  18.7  1650  99.6 
TEST-14  600  0.75  1415  6.3  1745  104.3 
TEST-37  600  0.96  1696  1.5  1788  106.9 
TEST-36  600  1.22  1647  3.4  1750  105.6 
SM13  0.00  4241  0.0  4241  100.0 
(high Pb  TEST-29  600  0.44  11127  14.1  3293  77.6 
TEST-29b  600  0.44  11568  21.6  3146  74.2 
TEST-30  600  0.62  9423  13.7  3847  90.7 
TEST-15c  600  0.71  10136  16.1  3586  84.6 
TEST-15d  600  0.73  10415  10.5  3586  84.6 
TEST-39b*  600  0.97  10370  19.2  3373  79.5 
TEST-38b*  600  1.22  9519  17.6  3587  84.6 
TEST-38  600  1.22  8751  15.6  3519  83.0 
SM12  0.00  1673  0.0  1673  100.0 
(low Pb)  TEST-41  900  0.18  3618  15.3  1326  79.3 
TEST-40  900  0.23  3332  18.7  1336  79.9 
TEST-23  900  0.36  2888  12.0  1400  83.7 
TEST-24  900  0.54  6038  19.6  1161  69.4 
TEST-33  900  0.64  7005  28.2  1070  64.0 
TEST-18c*  900  0.70  8098  28.7  1053  62.9 
TEST-32b  900  0.78  8156  20.6  891  53.3 
TEST-31  900  1.03  7267  38.2  888  53.1 
SM13  0.00  4241  0.0  4241  100.0 
(high Pb  TEST-43  900  0.18  11332  19.5  3042  71.7 
TEST-42  900  0.23  9956  22.9  3176  74.9 
TEST-25  900  0.36  10493  7.5  3176  72.0 
TEST-26  900  0.54  20993  33.4  2775  65.4 
TEST-19  900  0.62  20641  29.6  2570  60.6 
TEST-35  900  0.77  18988  35.9  2631  62.0 
TEST-34  900  1.02  24639  42.5  2141  50.5 
SM14  0.00  1907  0.0  1907  100.0 
(low Pb)  TEST-45  1100  0.17  3948  11.2  1700  89.2 
TEST-44  1100  0.24  3567  5.2  1713  89.8 
TEST-56  1100  0.37  3734  18.3  1043  78.3 
TEST-55  1100  0.47  7378  48.5  1003  75.3 
TEST-50  1100  0.67  7503  33.3  924  48.5 
TEST-49  1100  0.76  8287  41.5  915  48.0 
TEST-48  1100  0.89  8141  39.1  835  43.8 
TEST-47  1100  1.09  8578  44.7  665  34.9 
TEST-46  1100  1.46  9204  47.6  547  28.7 35 
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Figure 15. Concentrations of Pb in the cyclone catch as a function of residence time, 
100% N2, AC 
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Figure 16. Fraction of Pb remaining in the solid material as a function of residence time, 
100% N2, AC 36 
For the low Pb concentration, the cyclone catch data in Figures 15, 16 show that 
the concentration in the cyclone catch was equal to the concentration in the initial solid 
material at 600 °C. Thus no devolatilization took place at 600 °C with this Pb 
concentration. As the temperature increases to 900 °C and 1100 °C, the fractions of Pb 
volatilized increase since the fractions of Pb remaining in the solid material decrease. The 
highest fraction of Pb volatilized is about 70% at 1100 °C,  1.5  s. At the higher 
temperatures, 900 °C and 1100 °C, the fractions of Pb remaining in the solid material 
decrease as the residence times increase. The data seem to suggest that the fraction 
remaining in the solid material approaches an asymptotic value. 
For the high Pb concentration, even at 600 °C, there was some volatilization. The 
Pb remaining in the solid material decreased initially and about 20% of the Pb was 
volatilized already at the first measurement point at 0.3 s. The volatilization remained 
constant value at longer residence times. At higher temperatures, 900 °C, the volatilization 
continued until the longest residence times employed. The data thus showed that Pb 
vaporization was increased as the initial concentration of contaminant increased at this 
temperature. 
At 900 °C, however, the fraction of metal remaining in the solid material seems to 
be almost independent of the initial Pb concentration. The fraction of Pb remaining in the 
solid material with the low and high Pb concentrations seems equal at 900 °C. Though the 
volatilization may have been slightly greater with the higher Pb concentration. 
The filter data are shown in Figures 17 and 18. Figure 17 shows the concentrations 
of Pb in the filter catch as a function of residence time. Figure 18 shows the fractions of 
Pb in the fine particles as a function of residence time. 37 
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Figure 17. Concentrations of Pb in the filter catch as a function of residence time, 100% 
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Figure 18. Fractions of Pb in the fine particles as a function of residence time, 100% N2, 
AC 38 
At 600 °C, the cyclone data showed no Pb devolatilization for AC with the low Pb 
concentration. From Figure 17 we can see that for this condition the concentrations in the 
filter catch were unchanged and equal to the initial concentration of the feed material. This 
means that there had been no develotalization and the fine particles of the original feed 
material were carried out by the gas flow and characterized as filter catch. So there are 
two kinds of particles in the filter catch, one is fume formed by homogeneous or 
heterogeneous condensation, the other is fine particles carryover of unreacted solid 
material. Based on Figure 18, at 600 °C, for AC with the low Pb concentration, the 
fraction of carryover was about 7% of the original feed material. We will also use this 
value as the fraction of carryover for the rest of the AC experiments. Thus the carryover 
increases the numbers in Figure 18. 
At other conditions, the concentrations of Pb in the filter catch begin from values 
close to the initial concentration of the feed material and increase as the residence times 
increase. The filter data also seems to suggest that the volatilization reach an asymptotic 
value. If the Pb compounds in the filter catch were only formed by homogeneous or 
heterogeneous condensation, the Pb concentration would be in the order of 105 ppm. Now 
the concentrations of Pb in the filter catch are much lower. These findings support the 
assumption that there were considerable carryover at all conditions. 
At 600 °C with the high Pb concentration, the fraction of Pb in the fine particles 
remains constant at about 16%. Taking into account the 7% carryover, this suggests a 
volatilization of 9% which is lower than the 18% suggested by the cyclone data. At other 
conditions, the volatilization given by the fraction in the fine particles is also lower than 
that by the fraction remaining in the solid material. e.g. at 1100 °C, the highest Y is 41% 
(48% minus 7% carryover) where the highest 1-X is 71%. 
Another finding of the data is that the cyclone catch data seems more reliable and 
there is less scatter in the cyclone data. This also confirms that the cyclone catch gives a 
more reliable estimate of the Pb devolatilization. 39 
From the analysis before, we can see that based on the amount of Pb in the cyclone 
catch or in the filter catch, we can obtain the same qualitative results for the fraction of Pb 
volatilized. This is an advantage of the study with the LEFR. We can have both the data 
from the cyclone catch and the filter catch and thus get more information for our research. 
We have good total material and Pb recovery compared with other research. 
5.3 Activated Carbon in a Combustion Environment 
The devolatilization of Pb from AC with the low Pb concentration was tested at 
different temperatures in a gas environment consisting of 8% 02 in N2. A graph of the 
amount of cyclone catch/the total amount of feed material is given in Figure 19. This 
fraction gives the indication for the completion of combustion in each experiment. 
The fraction of feed material collected decrease as the residence times increase at 
all temperatures. The higher the temperature the quicker the decrease. That means AC 
combusted in 8% 02. About 50% of the AC was burned at 600 °C, 1.6 s, 80% at 900 °C, 
1.5 s, and 95% at 600 °C, 0.4 s. 40 
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Figure 19. The fraction of feed material collected in the cyclone as a function of 
residence time, 8% 02, AC 
Since AC reacted with 02 in  8% 02 environment, the particle temperature 
increased because of the exothermic reactions. Even though the overall gas environment 
was oxidative, the conditions on the surface of the particles may be reducing because of 
the formation of CO on the particle surfaces. So the data for AC in 8% 02 might not be 
indicative of Pb volatilization in an oxidative environment but indicative of the effect of 
combustion. 
The experimental results summary is shown in Table 8. Figure 20 shows the 
fractions of Pb remaining in the solid material as a function of residence time at different 
temperatures. Figure 21 shows the fractions of Pb in the fine particles as a function of 
residence time. It is important to note that the fraction of Pb remaining in the solid 
material is based on the concentration of Pb in the cyclone catch. 41 
Table 8. Experimental results, made in combustion environment (8% 02 in 100% N2) at 
different temperatures for activated carbon impregnated with PbC12 solution 
Residence  Conc. of  Fraction of Pb  Conc. of  Fraction of Pb 
SM  Test #  T  Time  Filter Catch  in fine particles Cyclone Catch  Remaining in SM 
°C  s  ppm Pb  %(mol/mol)  ppm Pb  %(ppm/ppm) 
SM17  0.00  1308  0.0  1308  100.0 
TEST-70  900  0.17  1227  12.3  1273  97.3 
TEST-64  900  0.34  4323  16.2  1044  79.8 
TEST -62b  900  0.45  4390  27.5  1007  80.0 
TEST-61  900  0.51  3835  28.0  1067  81.6 
TEST-62a  900  0.45  5641  29.8  1182  90.4 
TEST-60b  900  0.75  7638  44.2  912  69.7 
TEST-60a  900  0.76  10489  43.3  944  72.2 
TEST-68  900  1.50  17312  51.3  572  43.7 
SM17  0.00  1308  0.0  1308  100.0 
1EST-67  600  0.81  987  5.2  1264  96.6 
TEST-69  600  1.63  101  0.5  1014  77.5 
SM17  0.00  1308  0.0  1308  100.0 
TEST-66  1100  0.31  10279  26.3  247  18.9 
TEST-65  1100  0.41  41010  44.8  303  23.5 7 
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Figure 20. Fractions of Pb remaining in the solid material as a function of residence 
times, 8% 02, AC 
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Figure 21. Fractions of Pb in the fine particles as a function of residence time, 8% 02, AC 43 
Vaporization of Pb again increased as temperature increased and also as residence 
time increased as expected. At 600 °C, the fraction of Pb remaining decreased still at the 
longer residence time. Based on the cyclone data in Figure 20, about 20% of Pb volatilized 
as indicated by the 80% of Pb remaining in the solid material. The filter data in Figure 21 
only shows 5% of Pb in the fine particles. The Pb balance closure was low as shown in 
5.1, and probably some fine particles were lost. 
The phase diagram from the equilibrium calculations suggested that Pb is more 
easily volatilized in 8% 02 than in 100% N2. In 100% N2, there was no decrease in Pb 
remaining in the solid material for the low Pb concentration at the temperature 600 °C 
where as in 8% 02, there was as stated above. Also the highest fraction of Pb volatilized at 
1100 °C was about 80% which is higher than in 100% N2. However the observed increase 
in volatilization may have been due to the increase in the particle temperature. 
5.4 Silica in both Inert and Oxidative Environments 
Pb volatilization from silica, which is a less porous material than AC and an inert 
material in 02, was studied at 900 °C in both inert and oxidative environment. The 
experimental results summary is shown in Table 9.  Figure 22 shows the fraction of Pb 
remaining in the solid material as a function of residence time. Figure 23 shows the 
fraction of Pb in the fine particles as a function of residence time.  Since silica is a less 
porous material than AC, the impregnation resulted in a lower Pb concentration. The 
initial Pb concentration of the contaminated silica is only one third of that of AC with the 
low Pb concentration. however, the amount of Pb per unit surface area was probably 
higher for the silica. 44 
Table 9.  Experimental results, made in inert (100% N2) and oxidative (8% 02) 
environments at 900°C for silica impregnated with PbC12 solution 
Residence  Conc. of  Fraction of Pb  Conc. of  Fraction of Pb 
SM  Test #  T  Time  Filter Catch in fine particles Cyclone Catch  Remaining in SM 
°C  s  ppm Pb  %(mol/mol)  ppm Pb  Vo(PPm/PPm) 
Inert environment, 100% N2 
SM19  0.00  540  0.0  540  100.0
 
TEST -74b  900  0.35  1992  4.9  - ­
TEST -74a  900  0.35  1764  4.2  - ­
TEST -73b  900  0.47  3428  9.5  - ­
TEST -73a  900  0.47  2900  10.6  - ­
TEST -72c  900  0.53  1607  16.7  398  73.7
 
TEST-72b  900  0.53  5831  33.4  387  71.6
 
TEST-79a  900  0.98  10562  22.8  346  64.0
 
TEST-79b  900  1.00  2657  25.2  364  67.5
 
TEST-78b  900  1.19  8489  35.2  301  55.8
 
TEST-78a  900  1.19  12318  27.3  332  61.4
 
Oxidative environment, 8% 02 
SM19  0.00  540  0.0  540  100.0
 
TEST-77a  900  0.35  1058  3.2  - ­
TEST -77b  900  0.35  1912  5.3  - ­
TEST -76a  900  0.47  886  13.4  518  96.0
 
TEST-76b  900  0.47  4274  27.1  518  95.9
 
TEST-75a  900  0.53  5250  10.8  468  86.7
 
TEST-75b  900  0.53  4328  14.1  501
  92.8 
TEST-81a  900  0.98  7446  22.9  318  58.9 
TEST-80a  900  1.19  9614  21.7  284  52.6 
TEST-80b  900  1.20  1733  26.6  280  51.8 45 
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Figure 22. Fractions of Pb remaining in the solid material as a function of residence time, 
silica at 900 °C 
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Figure 23. Fractions of Pb in the fine particles as a function of residence time, silica 
Base on the data in Figures 22 and 23, the devolatilization behavior of Pb from 
silica depended on the gas environment, though the difference was not very significant. 46 
The experimental data suggested that the vaporization of Pb from silica increased as 
residence time increased in both inert and oxidative environments at 900°C. The two high 
points in Figure 23 are from runs very short experimental running times. The amount 
accumulated in the filter paper was too small for accurate Pb analysis. 
5.5 Comparison of Volatilization from Different Solid Materials 
Three different solid materials, AC, silica and glass beads were used to compare 
the Pb devolatilization behavior in the inert environment. Glass beads are also nonporous 
but have a smoother surface than silica. The impregnation of glass beads gave the lowest 
Pb concentration of the three materials. The initial Pb concentration of contaminated glass 
beads was only a half of that of silica. For glass beads, only two experiments were made. 
The experimental results summary is shown in Table 10. Figure 24 shows the fractions of 
Pb remaining in the solid material as a function of residence time for the three different 
solid materials in the inert environment. 
Table 10. Experimental results, made in inert (100% N2) environment at different 
temperatures for glass beads impregnated with PbCl2 solution 
Residence  Conc. of  Fraction of Pb  Conc. of  Fraction of Pb 
SM  Test #  T  Time  Filter Catch in fine particles  Cyclone Catch  Remaining in SM 
°C  s  ppm Pb  %(mol/mol)  ppm Pb  To(PPm/PPm) 
SM11  TEST-7  600  1.13  4135  3.6  225  98.6 
SM10  TEST-21  900  0.44  259  1.8  195  85.1 47 
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Figure 24. Fractions of Pb remaining in the solid material as a function of residence time 
for AC, silica and glass beads, in 100% N2 
As with AC with low Pb concentration, Pb did not volatilize at 600 °C, but there 
was volatilization at 900 °C. The fractional volatilization seems to be highest for AC and 
lowest for glass beads, though the differences were not great and may have been within 
experimental uncertainties. 
A summary comparison between AC and silica in different gas atmospheres is 
shown in Figure 25 which compares the fractions of Pb remaining in the solid material as 
a function of residence time in both inert and 8% 02 environments at 900 °C. 48 
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Figure 25. Comparison fractions of Pb remaining in the solid material as a function of 
residence time for AC and silica in both inert and oxidative environments at 900 °C 
5.6 Comparison of Different Initial Metal Species 
The behavior of a low volatile Pb compound, Pb(NO3)2, was studied with 
different concentrations on activated carbon in the inert environment. The experimental 
results summary is shown in Table 11. Figure 25 shows the fractions of Pb remaining in 
the solid material for AC impregnated by high and low concentrations of PbC12 and 
Pb(NO3)2 solutions at different temperatures in 100% N2 at similar residence times. 
Pb(NO3)2 was clearly less volatile than PbC12. It is not known why the fraction 
remaining was so low for the low Pb(NO3)2 at 600 °C but an error in the analysis is 
inspected. The filter data in Table 11 showed lower volatilization at 600 °C than at 900 
°C as expected. 49 
Table 11. Experimental results, made in inert (100% N2) environment at different 
temperatures for activated carbon impregnated with both low and high concentration of 
Pb(NO3)2 solution 
Residence  Conc. of  Fraction of Pb  Conc. of  Fraction of Pb 
SM  Test #  T  Time  Filter Catch  in fine particles  Cyclone Catch  Remaining in SM 
°C  s  ppm Pb  °A) (mol/mol)  ppm Pb  %(ppmlppm) 
SM7(low Pb)  TEST-9  600  0.70  12261  6.0  1416  86.9 
SM7(low Pb)  TEST-11  900  0.60  18275  8.0  1602  98.3 
SM8(high Pb)  TEST-10  600  0.70  62920  7.5  12748  96.5 
SM8(high Pb)  TEST-12  900  0.60  54223  13.3  10448  79.1 
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Figure 26. Fractions of Pb remaining in the solid material for AC impregnated by high 
and low concentration PbC12 and Pb(NO3)2 solutions at different temperatures in 100% 
N2 50 
6. DISCUSSION
 
6.1 Comparison of Experimental Results with Equilibrium Analysis 
Comparisons between experimental results and equilibrium calculations were 
made for the experiments. Figure 27 shows the equilibrium predictions vs.  the 
experimental values for experiments at the longest residence time in each experimental 
set. The conditions are listed in Chapter 5, Table 6. 
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Figure 27. Experimental values vs. the equilibrium predictions for some experiments 
For AC, in 100% N2, with the low Pb concentration (ID # 1, 2, 3), the equilibrium 
calculations predicted much higher volatilization than were obtained in the experiments 51 
all temperatures. The equilibrium calculations predicted complete devolatilization at 600°C 
and decreasing volatilization as temperature increased. The experimental results showed a 
dramatical increase from 0% to 72%. It should be noticed that at 600 °C there was no 
volatilization and that at 900 °C and 1100 °C the devolatilization continued but seemed to 
be approaching asymptotic values. These values were significantly lower than the 
equilibrium values. Similar results were obtained for AC, 100% N2, with high Pb 
concentration (ID # 4, 5), AC, in 8% 02 (ID # 6, 7, 8), silica, in 100% N2 (ID # 9). 
Interesting results were obtained for silica in 8% 02 (ID # 10). The equilibrium 
calculations predicted lower volatilization than was observed experimentally. The reason 
for this difference may be that the equilibrium suggested that PbO and SiO2 formed 
Pb0 SiO2 which is a less volatile material. The fact that the experiment showed higher 
volatilization than equilibrium calculations indicates that Pb0 SiO 2 was not formed. 
From this comparison, we can see that the use of an equilibrium model to predict 
Pb vaporization may lead  to  erroneous  predictions,  mostly  overpredicting  the 
vaporization. 
6.2 Mass Transfer Model 
To examine the mechanisms which control the devolatilization of trace metals, a 
simplified mass transfer model was developed which was based on the following 
assumptions: 
1. spherical particles of uniform size. 
2. particles and gas have the same velocity. 
3. Pb concentration inside the particle and at the surface of the particle (Cp, gaseous) was 
uniform and constant during the experiment. 52 
4. the volatilization rate is governed by external film mass transfer. 
5. outside the film, the metal species are completely mixed with gas. 
6. all the properties of the fluid and reactor are constant. 
First let us define the term: rate of volatilization NA (mol/m2-s). As indicated in 
Figure 28, restricting our discussion to the steady-state transfer of compound A, we can 
describe the rate of volatilization NA in the z direction from the surface of a particle by 
Equation 3. 
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Figure 28. Concentration gradients between solid surface and contacting gas phase 
NA= ke(Cp-C,,)  Eq. 3 
where 
NA - rate of volatilization NA, MOI/M2-s 
- convective mass transfer coefficient, m/s 53 
Cb - bulk concentration of Pb, mol/m3 
Cp - concentration on the surface of the particle, mol/m3 
A - Pb species 
To obtain the convective mass transfer coefficient ke, Froessling semi-theoretical 
equation (Welty et al, 1969) was used. 
k D 
Sh =  c  P = 2.0[1.0 ± 0.276 Re1/2 SC113  Eq. 4 
DAB 
where 
Sh - sherwood number 
Dp - diameter of the particle, m 
DAB - mass diffusivity of A in B, m2/s 
B - gas species 
D  utp
Re - Reynolds number, Re =  P 
Sc - Schmidt number, Sc = 
pDAB 
ut  particle terminal velocity, m/s 
p - gas density, kg/m3 
- gas viscosity, kg/m-s 
To obtain DAB for the lead compounds, a correlation developed by Reis (1994) was used. 
-0.4834 
T DAB  1.0662 x 10-4  Eq. 5
/s  g / mol)  (273.15K) 
M - molecular weight, g/mol 54 
T - reactor temperature, K 
Since the particles have a low terminal velocity in the experiments, the particle Re is low 
and in Eq. 4, we can assume Sh,=',2. Thus the convective mass transfer coefficient IQ can by 
calculated by: 
2D 
Ice =  AB 
DP 
Now let us consider the flow of particles through the reactor. Figure 29 illustrates 
the control volume for our system. 
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Figure 29. The control volume for the flow of particles through the reactor 
where 
A, - cross-sectional area of the reactor, m2 
up - particle velocity, m/s 
up - gas velocity, m/s 55 
dx - x direction length of the control volume, m 
up = ug = u, according to assumption 2, u - flow velocity, m/s 
A differential balance can be written over the control volume by using the rate of 
volatilization NA: 
vA,.[C1, (x + dx)  Cb (x)1= a/4*NA , mol/s  Eq. 6 
where 
a - particle external surface area per unit volume, m2/m3 
Inserting NA (Eq. 3) and dx = udt into Eq. 6 and rearranging Eq. 6, we get Eq. 7, 
vA,, x dCb = aA,, x vdt x kc(C  Cb)  Eq. 7 
C 
or, ddb  -=  (CT  Cb  Eq. 8

dt  c P b
 
The differential equation Eq. 8 can be solved by using the boundary condition: at t = 0, 
Cb= 0. The bulk concentration of Cb can be predicted as shown in Equation 9. 
Cb = C ,,(1 Cal  Eq. 9 
where 
t - residence time, s 
The particle external surface area a can be calculated by Eq. 10: 56 
In  lED 2 
a = x  .  Eq. 10 
m V P 
where 
m - particle mass flow rate, kg/s 
mp - mass of a particle, kg, which is equal to 7cDp3pp /6 
pp - particle density, kg/m3 
V - gas flow rate, m3 /s 
We can calculate the fraction of Pb remaining in the solid material, Xmodel, from the 
mass transfer model. The fraction of Pb remaining in the solid material should be equal to 
the 1- the fraction of Pb volatilized, see Eq. 11: 
CbXV 
Eq. 11 Xmod el = 1  nPb 
where 
II pb - Pb mole flow rate, mol/s 
Inserting Cb (Eq. 9) into Eq. 11 and inserting a with Eq. 10, we have Eq. 12: 
r 
riit  pD 2  \ 
X  . P xk t
 
mP V  c
 CP  1- e 
Eq. 12 Xmod el =1  ni " Pb
 
MPb
 
where 
(Pb  fraction of Pb in the particles, kg/kg 
MPb lead molecular weight, kg/mol 57 
The optimization was made by minimizing the sum of square of errors, E(Xexp ­
Xinedei)2 for each experimental set. Thus we obtained an optimized Cp value for each 
experimental set. The experimental values of fraction of Pb remaining, X.,p are 
compared with the model predictions, )(model which are shown in Figure 30 to 33. Good 
agreement between the experimental results and the model calculations is obtained for all 
sets of experimental conditions. Table 12 shows the ; for each set of experiments. The 
detailed optimization for C, and calculation of )(model are shown in Appendix G. 
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Figure 30. Comparison of the fraction of Pb remaining in the solid material, Xexp and 
Xmodel for AC in 100% N2 for the low Pb concentration at 900 °C and 1100 °C 58 
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Figure 31. Comparison of the fraction of Pb remaining in the solid material, Xe,q, and 
Xmodei for AC in 100% N2 for the high Pb concentration at 600 °C and 900°C 59 
100
 
90
 
80
 
70
 
60
 
50
 E  900 °C X
 
40
 
30
 
20
 
10
 
0­
0  10  20  30  40 y 50  60  70  80  90  100 
,,exp 
Figure 32. Comparison of the fraction of Pb remaining in the solid material, Xexp and 
)(model for AC in 8% 02 for the low Pb concentration at 900 °C 60 
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Figure 33. Comparison of the fraction of Pb remaining in the solid material, Xexp and 
Xmodei for silica in 100% N2 and 8% 02 at 900 °C 
Good agreement between the experimental results and the model calculations is 
obtained for AC in 100% N2 for the low Pb concentration at 900 °C and 1100 °C shown 
in Figure 30. No attempt to fit the 600 °C data since there were no devolatilization. For 
AC with the high Pb concentration in 100% N2, at 600 °C, Pb volatilization had reached 
a steady state before the first experiment point and the fraction of Pb remaining are 
scattered around the same point. At 900°C, at longer residence times the experimental 
volatilization was higher than the model prediction whereas at shorter residence times, 
experimental volatilization was lower than the model prediction shown in Figure 31. For 
AC with the low Pb concentration in 8% 02 at 900 °C, the opposite case was obtained 
shown in Figure 32. Compared silica in 100% N2 with in 8% 02 at 900 °C, the 8% 02 
condition gave more scatter data shown in Figure 33. 61 
Table 12. C, values for each set of experiments compared with Ce values 
Experiment conditions  T (°C)  Cp (mo1/1)  Ce (mol/l)  set # 
AC, 100% N2, low Pb  900  4.6E-08  5.95E-03  set 2 
1100  4.5E-08  8.88E-03  set 3 
AC, 100% N2, high Pb  600  7.2E-08  9.19E-03  set 4 
900  1.2E-07  5.95E-03  set 5 
AC, 8% 02, high Pb  900  3.1E-08  5.95E-03  set 7 
silica, 100% N2  900  1.02E-08  5.95E-03  set 9 
silica, 8% 02  900  9.98E-09  5.95E-03  set 10 
Shown in Table 12 are also the saturated vapor pressures of Pb compounds, Ce 
expressed in the units of mol/l. The ; values are several orders of magnitude smaller 
than Ce. This suggests that the concentration inside the particles is not equal to the vapor 
pressure. Using the vapor pressures and external film mass transfer model, in fact, 
predicts that complete vaporization would have been obtained in a fraction of a second in 
the experiments. At 900 °C and 1100 °C, Pb volatilization continued still at the end of 
the experiments when the residence time was greater than 1 s. At 600 °C, there was no 
volatilization with the low Pb concentration and only limited volatilization with the high 
Pb concentration even though the equilibrium predicted complete volatilization. 
Based on the above analysis it seems clear that using equilibrium vapor pressures 
as the basis in predicting the rate of devolatilization is not satisfactory. Instead, it is 
suggested that surface adsorption-desorption equilibrium controls the ; concentration. 
The heavy metal species were present only at trace concentrations in the particles. Thus 
they were adsorbed on the solid surface rather than being present as separate heavy metal 
inclusions. It may have been multiple-layer or monolayer adsorption either continuously 62 
on the surface or in spots depending on factors like the particle surface area and nature 
and Pb concentration in the impregnation solution. 
The assumption of adsorption dependent vaporization explains the finding that 
there was no volatilization at 600 °C with the lower Pb concentration and only limited 
vaporization with the higher Pb concentration even though the vapor equilibrium 
predicted complete vaporization. 63 
7. CONCLUSIONS AND RECOMMENDATIONS
 
7.1 Conclusions 
1. From the results obtained in this work, the laminar entrained-flow reactor (LEFR) 
appears to be a promising equipment to study metals devolatilization behavior at 
conditions which simulate those in MSW incineration. The experiments gave new data on 
metal devolatilization which can be used as basis for future work. 
2. The fraction of Pb remaining in the solid material (X) is the most reliable measure of Pb 
devolatilization in the LEFR experiments. The use of the Pb concentration in the cyclone 
catch instead of the amount of Pb eliminates the impact of material balance closure on the 
result. Further, the concentration based value is unaffected by the transport of some non-
volatilized carrier material into the fine particles. 
3. As expected, Pb vaporization increased as the reactor temperature increased and as the 
residence time increased. At each temperature and each Pb concentration, there was no 
vaporization below a certain threshold. The threshold value was different for different 
conditions. At higher temperatures, the fraction of metal vaporized seemed independent of 
the initial Pb concentrations for the Pb concentration employed. The results suggest a 
temperature dependent steady-state residue Pb concentration after an initial period of 
metal vaporization. The Pb vapor concentration at this steady state value was well below 
the equilibrium vapor pressure. 
4. Comparisons were made between inert (100% N2) and oxidative (8% 02) environments. 
The data for AC in 8% 02 might not be indicative of Pb volatilization in an oxidative 
environment but indicative of the effect of combustion. Pb was more easily volatilized in 64 
8% 02 than in 100% N2. However the observed increase in volatilization may have been 
due to the increase in the particle temperature. For silica, experimental data suggested that 
the devolatilization behavior of  lead depended on the gas atmosphere, though the 
differences were not very significant. 
5. Three different solid materials, AC, silica and glass beads were used to compare the Pb 
devolatilization in the inert environment. The experimental results suggested that Pb 
devolatilization depended on the solid material surface nature. The fractional volatilization 
seems to be highest for AC and lowest for glass beads. 
6. The Pb devolatilization was affected by the initial metal species properties such as less 
volatile compounds Pb(NO3)2 gives less Pb volatilization. 
7. The use of an equilibrium model to predict Pb vaporization may lead to erroneous 
predictions. The vaporization of lead mostly was greatly overpredicted by the equilibrium 
model. 
8. A simple mass transfer model suggests that gas film mass transfer control the 
devolatilization rate but that the concentration inside the particle cannot be derived from 
the metal vapor pressure. Instead, an adsorption-desorption mechanism is suggested to 
control the metal concentration inside the particle for trace metal concentrations. 
7.2 Recommendations 
1. Further study on fume formed from homogeneous or heterogeneous condensations are 
needed. 65 
2. A study of effect of particle size on lead devolatilization behavior should be made. 
3. More sophisticated analytical methods need to be developed to be able to distinguish 
between different species of same metal. 
4. Anion analysis for all samples should be done to expand the results to predict the 
different compounds. 
5. More research is needed to address the mechanisms of the metal surface adsorption­
desorption equilibrium and interactions between substrates and metal contaminants. 
6. Further studies are needed on modeling the lead devolatilization behavior considering 
higher particle terminal velocity, particle shape, surface properties, porosity and gas 
reactions. 66 
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Appendices
 71 
Appendix A Particle Velocity History and 3-dimensional Gas Velocity History for 
LEFR
 
Flaxman (1987) developed a numerical model which give flow field patterns and 
particle heating rates. Input data are the inlet flow velocities and temperatures and the 
heating element temperatures of each heating zones. The model incorporates variable 
properties and the buoyancy effects which result from the large temperature difference 
between the downward flow and the furnace wall. The particles are treated as inert (i.e. no 
chemical reaction). The small concentration of particles was considered to contribute very 
little to the overall energy and momentum balances; the effects of the particles on gas flow 
were therefore ignored, allowing the gas flow and particle heating problems to be 
decoupled. The numerical scheme was required to resolve a laminar flow downwards 
through a vertical tube furnace and subsequently solve particle heating and transit times 
through the same furnace. 
Examples of a particle velocity history and a 3-dimensional gas velocity history, 
which were calculated by using computational fluid dynamic model developed by Flaxman 
(1987), are shown in Figure A.1 and A.2. 72 
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Figure A.1. An example of the particle velocity history for activated carbon at 1100 °C 
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Figure A.2. A 3-dimensional plot example of the gas velocity history for activated carbon 
at 1100 °C 73 
Appendix B Summary of Pb compounds Properties and Contaminated Solid 
Material (SM) 
PbC12 and Pb(NO3)2 properties (Perry, 1984) and their aqueous solutions prepared 
are listed in Table B.1 and B.2. 
Table B.1 Metal compounds properties 
Metal Compounds  M.W.  Melting Point  Boiling Point  Solubility in 100 parts of water 
g/mol  °C  °C  0 °C  100 °C 
PbC12  278.12  501  954 at 760mmHg  0.673  3.34 
Pb(NO3)2  331.23  decomposes at 470  38.8  138.8 
Table B.2 Metal compound aqueous solutions for impregnation 
Solution Name  Metel compound  Concentration of Metal  pH value  Note 
ppm Pb 
Contai 1  Pb(NO3)2  312.8  4.8 
Contai 2  Pb(NO3)2  3128  4.45 
Contai 3  PbC12  500  4.49 
Contai 4  PbC12  <1250  4.22  Satulated 
Figure B.1 is a distribution diagram of the hydroxocomplexes of Pb2+ in aqueous 
solution (Vernon, 1980). Below pH 6, Pb2+ is the major lead-containing species: at higher 
pH values the polymeric hydroxocomplexes Pb4(OH)44+, Pb6(OH)84+, and Pb3(OH)42+ 
predominate. 74 
1.0
 
[Pb6 (OH)84
 
0.75
 
CT, Pb 
0.50
 
0.25
 
f Pb3 (0 H)421 
CT,Pb 
5.0  6.0
  7.0
  8.0
 
pH
 
Figure B.1 Species distribution of lead in an aqueous Pb(II) solution  CT, Pb= 0.04 M 
(Vernon, 1980) 
Table B.3. Summary of all the contaminated solid material (SM) impregnation conditions 
and concentrations. 
Name  Material  Type of  Impreg- Amount  Amount  SM :  pH  SM Con-
Type  Solvent  nation  of SM  of Solvent  Solvent  Value  centration 
Time(h)  (g)  (ml)  (2):(m1)  (ppm Pb) 
SM5  GB35  Contai 2  2  14  28  1:2  2051.232 
SM7  AC90  Contai 1  2  5  25  1:5  1628.841 
SM8  AC90  Contai 2  2  5  25  1:5  13214.114 
SM10  GB35  Contai 3  2  70  140  1:2  3.39  229.178 
SM11  GB35  Contai 3  4  30  60  1:2  4.16  228.016 
SM12  AC90  Contai 3  4  13.9  36  1:2.6  2.05  1672.847 
SM13  AC90  Contai 4  2  20.1  70  1:3.5  2.75  4240.808 
*SM14  AC90-63  Contai 3  3  13.7  48  1:3.5  2.5  1906.948 
*SM15  AC90-63  Contai 3  4  44  114  1:2.6  4.22  1332.025 
*SM17  AC90-63  Contai 3  4  70  182  1:2.6  2.45  1308.228 
SM19  Si0238-90  Contai 4  25  175  675  1:3.86  2.07  539.968 75 
Appendix C Scanning Electron Micrograph (SEM) 
SEM of activated carbon particles impregnated with high concentration of PbC12 
(SM13) and silica impregnated with PbCl2 (SM19)  are shown below. Some of them are 
SEM/x-ray pictures and some are Pb atom maps. 
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Figure C.1. SEM of activated carbon particles impregnated with high  concentration of 
PbC12 (SM13) 
Figure C.2. SEM of Pb atom maps based on Figure C.1 which are activated carbon 
particles impregnated with high concentration of PbC12 (SM13) 30KI.) X500
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Figure C.3. SEM of silica particles impregnated with PbC12 (SM19) 77 
Appendix D Analytical Procedure 
EPA Method 3050, Acid digestion of sediments, sludges, and soils. 
This method is an acid digestion procedure used to prepare sediments, sludges, 
and soils samples for analyzing metals by flame atomic absorption spectroscopy. 
Reagents: 
Distilled water.
 
Concentrated nitric acid, reagent grade (HNO3).
 
Concentrated hydrochloric acid, reagent grade (HC1).
 
Hydrogen peroxide (30%, H202).
 
Procedure: 
1. Mix the sample thoroughly to achieve homogeneity. For each digestion procedure, 
weigh to the nearest 0.01 g and transfer to a conical beaker a 1.00 to 2.00 g portion of 
sample. 
2. Add 10 ml of 1:1 mix the slurry, and cover with a watch glass. Heat the sample to 95°C 
and reflux for 10 to 15 min without boiling. Allow the sample to cool, add 5 ml of 
concentrated HNO3, replace the watch glass, and reflux for 30 min. Repeat this last step to 
ensure complete oxidation. Using a ribbed watch glass, allow the solution to evaporate to 
5 ml without boiling, while maintaining a covering of solution over the bottom of the 
beaker. 
3. After step 2 has been completed and the sample has cooled, add 2 ml of distilled water 
and 3 ml of 30% H202. Cover the beaker with a watch glass and return the covered beaker 78 
to the hot plate for warming and to start the peroxide reaction. Care must be taken to 
ensure that losses do not occur due to excessively vigorous effervescence. Heat until 
effervescence subsides and cool the beaker. 
4. Continue to add 30% H202 in 1 ml aliquots with warming until the effervescence is 
minimal or until the general sample effervescence is unchanged. NOTE: Do not add more 
than a total of 10 ml 30% H202. 
5. Add 5 ml of concentrated HCl and 10 ml of 30% H202, return the covered beaker to 
the hot plate, and reflux for an additional 15 min without boiling. 
6. After cooling, filter through Whatman No. 42 filter paper and dilute to 100 ml with 
30% H202. The diluted sample has an approximate acid concentration of 5.0% (v/v) HCl 
and 5.0% (v/v) HNO3. The sample is now ready for analysis. 
Atomic Absorption Spectrometer (AAS-PE 360), determined metals concentrations in 
solution. 
Calibration standards: 
A calibration curve is prepared to cover the appropriate concentration range. Calibration 
standards are prepared by diluting the stock metal solutions at the time of analysis. For 
best results, calibration standards should be prepared fresh each time for a batch of 
samples is analyzed. Prepare a blank and at least three calibration standards in graduated 
amounts in the appropriate range of the linear part of the curve. Beginning with the blank 
and working toward the highest standard, aspirate the solutions and record the readings. 79 
Procedure: 
After choosing the proper lamp for the analysis, allow the lamp to warm up for 15 min. 
During this period, align the instrument, position the monochromator at the correct 
wavelength, select the proper monochromator slit width, and adjust the current according 
to the manufacturer's recommendation. Subsequently, light the flame and regulate the 
flow of fuel and oxidant. Adjust the burner and nebulizer flow rate for maximum percent 
absorption and stability. Balance the photometer. Run a series of standards of the element 
under analysis. Construct a calibration curve by plotting the concentrations of the 
standards against absorbances. Set the curve corrector of a direct reading instrument to 
read out the proper concentration. Aspirate the samples and determine the concentrations 
either directly or from the calibration curve. 
Calculation: 
For solid samples, report metal concentrations in the solid materials as pg/g (ppmw) based 
on weight of solid samples. Hence: 
A xV
µg metal / g sample 
where 
A - pg/1 of metal in processed solution sample from calibration curve 
V - final volume of the processed sample, ml (100 ml for this study) 
W - weight of sample, g 80 
Appendix E The LEFR data Analysis Sheet
 
Table E.1. LEFR Data Analysis Sheet-LEFR1
 
EXPERIMENT ID  TEST-5  TEST-7  TEST-9  TEST-10 
DATE  4/14/94  4/19/94  5/8/94  5/8/94 
SOLID MATERIAL TYPE  SM5  SM11  SM7  SM8 
TEMPERATURE (°C)  600  600  600  600 
ROOM TEMPERATURE (°C)  21  21  24  24 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.100  0.123  0.098  0.100 
TOTAL FLOW (1/min)  20.00  20.00  20.00  20.00 
air (1/min) 
02( /min) 
N2 (1/min)  20.00  20.00  20.00  20.00 
SECONDARY FLOW (1/min)  19.90  19.88  19.90  19.90 
QUENCH ( /min)  25.00  25.00  20.00  20.00 
tip(1/min)  20.00  20.00  16.00  16.00 
wall(1/min)  5.00  5.00  4.00  4.00 
TYPE OF FILTER PAPER (micron)  5.0  0.8  0.8  0.8 
LENGTH OF REACTOR /'EL' (in)  21.50  21.50  13.50  13.50 
TOTAL RUNNING TIME (sec)  140.00  250.00  255.00  255.00 
time at plug  140.00 
RESIDENCE TIME (sec)  2.579  2.582  1.804  1.804 
RESIDENCE TIME (sec)-calculated  1.158  1.129  0.699  0.697 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  1.7080  3.7133  1.2472  1.3064 
MASS FLOW RATE (g/min)  0.7320  0.8912  0.2935  0.3074 
FILTER CATCH WEIGHT (g)  0.0000  0.0073  0.0099  0.0207 
% input weight in filter  0.00  0.20  0.79  1.58 
CYCLONE CATCH WEIGHT (g)  1.7055  2.7848  1.2084  1.2698 
% input weight in cyclone  99.85  75.00  96.89  97.20 
CHEMICAL ANALYSIS 
SM  SM5  SM11  SM7  SM8 
Pb  conc (ppm)  2051.232  228.015  1628.841  13214.110 
total imput Pb (g)  0.0035035  0.0008467  0.0020315  0.0172629 
FILTER CATCH  - T7-F  T9-F  T10 -F 
Pb  conc (ppm)  - 4134.932  12260.606  62920.290 
CYCLONE CATCH  T5-C  T7-C  T9-C  T10-C 
Pb  conc (ppm)  2011.314  224.772  1415.714  12748.342 
Rate of Pb conc. remained in cyclone (%)  98.054  98.578  86.915  96.475 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  #VALUE!  3.57  5.97  7.54 
Cyclone/SM (%)  97.91  73.93  84.21  93.77 
Total (%)  #VALUE!  77.49  90.19  101.32 
Total wt recover (%)  99.85  75.19  97.68  98.78 81 
Table E.1. Continued 
EXPERIMENT ID  TEST-11  TEST-12  TEST-14  TEST-15c 
DATE  5/8/94  5/8/94  5/10/94  5/10/94 
SOLID MATERIAL TYPE  SM7  SM8  SM12  SM13 
TEMPERATURE (°C)  900  900  600  600 
ROOM TEMPERATURE (°C)  27.5  27.5  24  27 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.103  0.105  0.045  0.081 
TOTAL FLOW (1/min)  20.00  20.00  20.00  20.00 
air (1/min) 
02(1/min) 
N2 (1/min)  20.00  20.00  20.00  20.00 
SECONDARY FLOW (1/min)  19.90  19.90  19.96  19.92 
QUENCH (1/min)  20.00  20.00  20.00  20.00 
tip(1/min)  16.00  16.00  16.00  16.00 
wall(1/min)  4.00  4.00  4.00  4.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  13.50  13.50  13.50  13.50 
TOTAL RUNNING TIME (sec)  180.00  210.00  300.00  250.00 
time at plug 
RESIDENCE TIME (sec)  1.359  1.359  1.799  1.820 
RESIDENCE TIME (sec)-calculated  0.599  0.598  0.745  0.713 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.5457  0.5975  0.7596  0.5230 
MASS FLOW RATE (g/min)  0.1819  0.1707  0.1519  0.1255 
FILTER CATCH WEIGHT (g)  0.0039  0.0194  0.0564  0.0352 
% input weight in filter  0.71  3.25  7.42  6.73 
CYCLONE CATCH WEIGHT (g)  0.5338  0.5736  0.6995  0.4252 
% input weight in cyclone  97.82  96.00  92.09  81.30 
CHEMICAL ANALYSIS 
SM  SM7  SM8  SM12  SM13 
Pb  conc (ppm)  1628.841  13214.110  1672.847  4240.808 
total imput Pb (g)  0.0008889  0.0078954  0.0012707  0.0022179 
FILTER CATCH  T11-F  T12-F  T14-F  T15c-F 
Pb  conc (ppm)  18275.385  54222.680  1414.823  10135.966 
CYCLONE CATCH  T1 1-C  T12-C  T14-C  T15c-C 
Pb  conc (ppm)  1601.594  10448.226  1744.885  3585.668 
Rate of Pb conc. remained in cyclone (%)  98.327  79.069  104.306  84.552 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  8.02  13.32  6.28  16.09 
Cyclone /SM (%)  96.18  75.91  96.05  68.74 
Total (%)  104.20  89.23  102.33  84.83 
Total wt recover (%)  98.53  99.25  99.51  88.03 82 
Table E.1. Continued 
EXPERIMENT ID  TEST-15d  TEST-18c*  TEST-19  TEST-21 
DATE  5/13/94  6/16/94  5/15/94  5/15/94 
SOLID MATERIAL TYPE  SM13  SM12  SM13  SM10 
TEMPERATURE (°C)  600  900  900  900 
ROOM TEMPERATURE (°C)  24.5  20.9  21  21.8 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.060  0.082  0.062  0.121 
TOTAL FLOW (1/min)  20.00  35.50  20.00  40.00 
air (1/min) 
02(1 /min) 
N2 (1/min)  20.00  35.50  20.00  40.00 
SECONDARY FLOW (1/min)  19.94  35.42  19.94  39.88 
QUENCH (1/min)  20.00  35.50  20.00  40.00 
tip(1/min)  16.00  28.40  16.00  33.50 
wall(l/min)  4.00  7.10  4.00  6.50 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR /'EL' (in)  13.50  27.00  13.50  13.50 
TOTAL RUNNING TIME (sec)  240.00  200.00  150.00  150.00 
time at plug  240.00  150.00  150.00 
RESIDENCE TIME (sec)  1.803  1.306  1.326  0.665 
RESIDENCE TIME (sec)-calculated  0.731  0.698  0.621  0.437 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.4286  0.6659  0.3794  1.6932 
MASS FLOW RATE (/min)  0.1072  0.1998  0.1518  0.6773 
FILTER CATCH WEIGHT (g)  0.0183  0.0395  0.0231  0.0265 
% input weight in filter  4.27  5.93  6.09  1.57 
CYCLONE CATCH WEIGHT (g)  0.3692  0.5214  0.3233  1.9449 
% input weight in cyclone  86.14  78.30  85.21  114.87 
CHEMICAL ANALYSIS 
SM  SM13  SM12  SM13  SM10 
Pb  conc (ppm)  4240.808  1672.847  4240.808  229.178 
total imput Pb (g)  0.0018176  0.0011139  0.0016090  0.0003880 
FILTER CATCH  T15d-F  T18c-F  T19-F  T21-F 
Pb  conc (ppm)  10414.863  8097.570  20641.342  258.566 
CYCLONE CATCH  T15d-C  T18c-C  T19-C  T19-C 
Pb  conc (ppm)  3586.155  1052.780  2570.465  194.980 
Rate of Pb conc. remained in cyclone (%)  84.563  62.933  60.613  85.078 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  10.49  28.71  29.63  1.77 
Cyclone/SM (%)  72.84  49.28  51.65  97.73 
Total (%)  83.33  77.99  81.29  99.49 
Total wt recover (%)  90.41  84.23  91.30  116.43 83 
Table E.2. LEFR Data Analysis Sheet-LEFR2B 
EXPERIMENT ID  TEST-23  TEST-24  TEST-25  TEST-26 
DATE  5/30/94  5/30/94  5/30/94  5/30/94 
SOLID MATERIAL TYPE  SM12  SM12  SM13  SM13 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE (°C)  21.7  21.7  24.6  24.6 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.092  0.047  0.090  0.056 
TOTAL FLOW (1/min)  40.00  20.00  40.00  20.00 
_ 
air (1/min) 
02(1/min)  _ 
N2 (1/nin)  40.00  20.00  40.00  20.00 
SECONDARY FLOW (1/min)  39.91  19.95  39.91  19.94 
QUENCH (1/min)  40.00  20.00  40.00  20.00 
tip(1/min)  32.00  16.00  32.00  16.00 
wall(1/min)  8.00  4.00  8.00  4.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  210.00  200.00  200.00  300.00 
time at plug  200.00 
RESIDENCE TIME (sec)  0.554  1.107  0.559  1.119 
RESIDENCE TIME (sec)-calculated  0.375  0.540  0.358  0.535 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.7682  0.8055  1.4149  0.8257 
MASS FLOW RATE (g/min)  0.2195  0.2417  0.4245  0.1651 
FILTER CATCH WEIGHT (g)  0.0532  0.0438  0.0428  0.0557 
% input weight in filter  6.93  5.44  3.02  6.75 
CYCLONE CATCH WEIGHT (g)  0.6065  0.4880  1.1292  0.7102 
_ 
% input weight in cyclone  78.95  60.58  79.81  86.01 
CHEMICAL ANALYSIS 
SM  SM12  SM12  SM13  SM13 
Pb  conc (ppm)  1672.847  1672.847  4240.808  4240.808 
total imput Pb (g)  0.0012851  0.0013475  0.0060003  0.0035016 
_ 
FILTER CATCH  T23-F  T24-F  T25-F  T26-F 
Pb  conc (ppm)  2888.346  6037.808  10493.365  20992.639 
CYCLONE CATCH  T23-C  T24-C  T25-C  T26-C 
Pb  conc (ppm)  1399.991  1161.404  3176.294  2774.684 
Rate of Pb conc. remained in cyclone (%)  83.689  69.427  74.898  65.428 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  11.96  19.63  7.48  33.39 
Cyclone/SM (%)  66.07  42.06  59.77  56.28 
Total (%)  78.03  61.69  67.26  89.67 
Total wt recover  (%)  85.88  66.02  82.83  92.76 84 
Table E.2. Continued 
EXPERIMENT ID  TEST-27  TEST-28  TEST-29  TEST-29b 
DATE  5/31/94  5/31/94  5/31/94  6/8/94 
SOLID MATERIAL TYPE  SM12  SM12  SM13  SM13 
TEMPERATURE (°C)  600  600  600  600 
ROOM TEMPERATURE (°C)  21  21  22  25.1 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.090  0.056  0.092  0.092 
TOTAL FLOW (1/min )  40.00  20.00  40.00  40.00 
air ( /min) 
02(1/min) 
N2 (1/min)  40.00  20.00  40.00  40.00 
SECONDARY FLOW (1/min)  39.91  19.94  39.91  39.91 
QUENCH (1/min)  40.00  20.00  40.00  40.00 
tip(l /min)  32.00  16.00  32.00  32.00 
wall(1/tnin)  8.00  4.00  8.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR /'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  - 200.00  180.00  220.00  217.00 
time at plug 
RESIDENCE TIME (sec)  0.742  1.485  0.745  0.752 
RESIDENCE TIME (sec)-calculated  0.439  0.625  0.438  0.438 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  1.3058  0.7265  1.0312  0.6127 
MASS FLOW RATE (g/min)  0.3917  0.2422  0.2812  0.1694 
FILTER CATCH WEIGHT (g)  0.0724  0.0481  0.0553  0.0484 
% input weight in filter  5.54  6.62  5.36  7.90 
CYCLONE CATCH WEIGHT (g)  1.0674  0.4167  0.5307  0.4856 
% input weight in cyclone  81.74  57.36  51.46  79.26 
CHEMICAL ANALYSIS 
SM  SM12  SM12  SM13  SM13 
Pb  conc (ppm)  1672.847  1672.847  4240.808  4240.808 
total imput Pb (g)  0.0021844  0.0012153  0.0043731  0.0025983 
_ 
FILTER CATCH  T27-F  T28-F  T29-F  T29b-F 
Pb  conc (ppm)  1867.320  4730.229  11126.763  11568.430 
CYCLONE CATC  T27-C  T28-C  T29-C  T29b-C 
Pb  conc (ppm)  1697.891  1666.281  3292.680  3145.540 
Rate of Pb conc. remained in cyclone (%  101.497  99.607  77.643  74.173 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  6.19  18.72  14.07  21.55 
Cyclone/SM (%)  82.97  57.13  39.96  58.79 
Total (%)  89.16  75.85  54.03  80.34 
Total wt recover  (%)  87.29  63.98  56.83  87.16 85 
Table E.2. Continued 
EXPERIMENT ID  TEST-30  TEST-31  TEST -32b  TEST-33 
DATE  5/31/94  6/10/94  6/10/94  6/10/94 
SOLID MATERIAL TYPE  SM13  SM12  SM12  SM12 
TEMPERATURE (°C)  600  900  900  900 
ROOM TEMPERATURE (°C)  22  24  26.9  27.3 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.057  0.050  0.072  0.093 
TOTAL FLOW (1/min )  20.00  20.00  30.00  40.00 
air (1/mm ) 
02(1/min) 
N2 (1/min)  20.00  20.00  30.00  40.00 
SECONDARY FLOW (1/min)  19.94  19.95  29.93  39.91 
QUENCH (1/min)  20.00  20.00  30.00  40.00 
tip(1/min)  16.00  16.00  24.00  32.00 
wall(l/min)  4.00  4.00  6.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  10.50  27.00  27.00  27.00 
TOTAL RUNNING TIME (sec)  210.00  220.00  180.00  120.00 
time at plug  120.00  60.00  120.00 
RESIDENCE TIME (sec)  1.490  2.344  1.577  1.185 
RESIDENCE TIME (sec)-calculated  0.624  1.026  0.781  0.644 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.9035  0.7024  0.5804  0.2865 
MASS FLOW RATE (g/min)  0.2581  0.1916  0.1935  0.1433 
FILTER CATCH WEIGHT (g)  0.0555  0.0618  0.0245  0.0193 
_ 
% input weight in filter  6.14  8.80  4.22  6.74 
_ 
CYCLONE CATCH WEIGHT (g)  0.7955  0.5868  0.4651  0.2215 
% input weight in cyclone  88.05  83.54  80.13  77.31 
CHEMICAL ANALYSIS 
SM  SM13  SM12  SM12  SM12 
Pb  conc  4240.808  1672.847  1672.847  1672.847 
total imput Pb (g)  0.0038316  0.0011750  0.0009709  0.0004793 
FILTER CATCH  T30 -F  T31-F  T32b-F  T33-F 
Pb  conc  p  9423.063  7267.249  8156.122  7004.870 
CYCLONE CATC  T30-C  T31-C  T32b-C  T33-C 
Pb  conc (ppm)  3846.551  887.527  891.401  1070.198 
Rate of Pb conc. remained in cyclone (%  90.703  53.055  53.286  63.975 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  13.65  38.22  20.58  28.21 
Cyclone/SM (%)  79.86  44.32  42.70  49.46 
Total (%)  93.51  82.55  63.28  77.67 
Total wt recover  (%)  94.19  92.34  84.36  84.05 86 
Table E.2. Continued 
EXPERIMENT ID  TEST-34  TEST-35  TEST-36  TEST-37 
DATE  6/12/94  6/12/94  6/12/94  6/12/94 
SOLID MATERIAL TYPE  SM13  SM13  SM12  SM12 
TEMPERATURE (°C)  900  900  600  600 
ROOM TEMPERATURE (°C)  23.2  23.9  25.8  26 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.053  0.073  0.058  0.073 
TOTAL FLOW (1/min)  20.00  30.00  20.00  30.00 
air 1/min) 
02(1/min) 
N2 (1/min)  20.00  30.00  20.00  30.00 
SECONDARY FLOW (1/min)  19.95  29.93  19.94  29.93 
QUENCH (1/min)  20.00  30.00  20.00  30.00 
tip(1/min)  16.00  24.00  16.00  24.00 
wall(1/min)  4.00  6.00  4.00  6.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  27.00  27.b0  27.00  27.00 
TOTAL RUNNING TIME (sec)  200.00  200.00  200.00  60.00 
time at plug 
RESIDENCE TIME (sec)  2.338  1.562  3.169  2.113 
RESIDENCE TIME (sec)- calculated  1.024  0.772  1.219  0.964 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.8031  0.9793  0.2413  0.2317 
MASS FLOW RATE ( min)  0.2409  0.2938  0.0724  0.2317 
FILTER CATCH WEIGHT (g)  0.0587  0.0786  0.0083  0.0035 
% input weight in filter  7.31  8.03  3.44  1.51 
CYCLONE CATCH WEIGHT (g)  0.6704  0.8093  0.1868  0.0351 
% input weight in cyclone  83.48  82.64  77.41  15.15 
CHEMICAL ANALYSIS 
SM  SM13  SM13  SM12  SM12 
Pb  conc (ppm)  4240.808  4240.808  1672.847  1672.847 
total imput Pb (g)  0.0034058  0.0041530  0.0004037  0.0003876 
FILTER CATCH  T34-F  T35-F  T36-F  T37-F 
Pb  conc (ppm)  24638.501  18987.850  1646.988  1696.429 
CYCLONE CATC  T34-C  T35-C  T36-C  T37-C 
Pb  conc (ppm)  2141.030  2630.855  1767.149  1788.047 
Rate of Pb conc. remained in cyclone (%  50.486  62.037  105.637  106.886 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  42.47  35.94  3.39  1.53 
Cyclone/SM (%)  42.14  51.27  81.78  16.19 
Total (%)  84.61  87.20  85.16  17.72 
Total wt recover  (%)  90.79  90.67  80.85  16.66 87 
Table E.2. Continued 
EXPERIMENT ID  TEST-38  TEST-38b* TEST-39b*  TEST-40 
DATE  6/12/94  6/16/94  6/16/94  6/23/94 
SOLID MATERIAL TYPE  SM13  SM13  SM13  SM12 
TEMPERATURE (°C)  600  600  600  900 
ROOM TEMPERATURE (°C)  24.8  21.2  22.4  24.3 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.056  0.056  0.072  0.215 
TOTAL FLOW (1/min)  20.00  20.00  30.00  25.00 
air (1/min) 
02(1/min) 
N2 (1/min)  20.00  20.00  30.00  25.00 
SECONDARY FLOW (1/min)  19.94  19.94  29.93  24.79 
QUENCH (1/min )  20.00  20.00  30.00  25.00 
tip(1/min)  16.00  16.00  24.00  20.00 
wall(l/min)  4.00  4.00  6.00  5.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  27.00  27.00  27.00  2.00 
TOTAL RUNNING TIME (sec)  200.00  200.00  150.00  150.00 
time at plug 
RESIDENCE TIME (sec)  3.158  3.120  2.088  0.390 
RESIDENCE TIME (sec)-calculated  1.221  1.221  0.965  0.227 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.6224  0.8007  1.1638  0.6047 
MASS FLOW RATE (g/min)  0.1867  0.2402  0.4655  0.2419 
FILTER CATCH WEIGHT (g)  0.0471  0.0627  0.0718  0.0567 
% input weight in filter  7.57  7.83  6.17  9.38 
CYCLONE CATCH WEIGHT (g)  0.4531  0.6604  0.6960  0.4242 
% input weight in cyclone  72.80  82.48  59.80  70.15 
CHEMICAL ANALYSIS 
SM  SM13  SM13  SM13  SM12 
Pb  conc (ppm)  4240.808  4240.808  4240.808  1672.847 
total imput Pb (g)  0.0026395  0.0033956  0.0049355  0.0010116 
FILTER CATCH  T38-F  T38b-F  T39b-F  T40-F 
Pb  conc (ppm)  8751.253  9519.043  10370.084  3332.275 
CYCLONE CATC  T38-C  T308b-C  T-39b-C  T-40-C 
Pb  conc (ppm)  3518.929  3586.906  3373.377  1336.220 
Rate of Pb conc. remained in cyclone (%  82.978  84.581  79.546  79.877 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  15.62  17.58  15.09  18.68 
Cyclone/SM (%)  60.41  69.76  47.57  56.03 
Total (%)  76.02  87.34  62.66  74.71 
Total wt recover  (%)  80.37  90.31  65.97  79.53 88 
Table E.2. Continued 
EXPERIMENT ID  TEST-41  TEST-42  TEST-43 
DATE  6/23/94  6/23/94  6/23/94 
SOLID MATERIAL TYPE  SM13  SM13  SM13 
TEMPERATURE (°C)  900  900  900 
ROOM TEMPERATURE (°C)  24.5  24.9  23.5 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.344  0.215  0.345 
TOTAL FLOW (1/min)  40.00  25.00  40.00 
air ( /min) 
02(1/min) 
N2 (11min)  40.00  25.00  40.00 
SECONDARY FLOW (1/min)  39.66  24.79  39.66 
QUENCH (1/min)  40.00  25.00  40.00 
tip(1/min)  32.00  20.00  32.00 
wall(1/min)  8.00  5.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  2.00  2.00  2.00 
TOTAL RUNNING TIME (sec)  180.00  180.00  180.00 
time at plug 
RESIDENCE TIME (sec)  0.244  0.390  0.243 
RESIDENCE TIME (sec)-calculated  0.179  0.227  0.179 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.6392  1.1540  0.5165 
MASS FLOW RATE (g/min)  0.2131  0.3847  0.1722 
FILTER CATCH WEIGHT (g)  0.0451  0.1127  0.0376 
% input weight in filter  7.06  9.77  7.28 
CYCLONE CATCH WEIGHT (g)  0.4993  0.9219  0.3520 
% input weight in cyclone  78.11  79.89  68.15 
CHEMICAL ANALYSIS 
SM  SM12  SM13  SM13 
Pb  conc (ppm)  1672.847  4240.808  4240.808 
total imput Pb (g)  0.0010693  0.0048939  0.0021904 
FILTER CATCH  T41-F  T42-F  T43-F 
Pb  conc (ppm)  3617.849  9955.590  11331.649 
CYCLONE CATCH  T-41-C  T-42-C  T-43-C 
Pb  conc (ppm)  1326.640  3175.938  3041.840 
Rate of Pb conc. remained in cyclone (%  79.304  74.890  71.728 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  15.26  22.93  19.45 
Cyclone/SM (%)  61.95  59.83  48.88 
Total (%)  77.21  82.75  68.34 
Total wt recover  (%)  85.17  89.65  75.43 89 
Table E.3. LEFR Data Analysis Sheet-LEFR3B 
EXPERIMENT ID  TEST-44  TEST-45  TEST-46  TEST-47  TEST-48 
DATE  6/23/94  6/23/94  6/24/94  6/24/94  6/24/94 
SOLID MATERIAL TYPE  SM14  SM14  SM14  SM14  SM14 
TEMPERATURE (°C)  1100  1100  1100  1100  1100 
ROOM TEMPERATURE (°C)  26.4  26.7  24.1  24.2  27 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.176  0.342  0.087  0.132  0.174 
TOTAL FLOW (1/min)  20.00  40.00  10.00  15.00  20.00 
air (1/min) 
02(1/min) 
N2 (1/min)  20.00  40.00  10.00  15.00  20.00 
SECONDARY FLOW (1/min)  19.82  39.66  9.91  14.87  19.83 
QUENCH (1/min)  20.00  40.00  10.00  15.00  20.00 
tip(1/min)  16.00  32.00  8.00  12.00  16.00 
wall(Vmin)  4.00  8.00  2.00  3.00  4.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  2.00  2.00  27.00  27.00  27.00 
TOTAL RUNNING TIME (sec)  200.00  180.00  220.00  210.00  220.00 
time at plug 
RESIDENCE TIME (sec)  0.419  0.210  4.031  2.688  2.035 
RESIDENCE TIME (sec)-calculated  0.236  0.165  1.459  1.094  0.893 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.9342  0.6444  0.8672  0.7111  1.0199 
MASS FLOW RATE (g/min)  0.2803  0.2148  0.2365  0.2032  0.2782 
FILTER CATCH WEIGHT (g)  0.0761  0.0348  0.0855  0.0707  0.0935 
% input weight in filter  8.15  5.40  9.86  9.94  9.17 
CYCLONE CATCH WEIGHT (g)  0.6983  0.4915  0.6832  0.5344  0.7835 
% input weight in cyclone  74.75  76.27  78.78  75.15  76.82 
CHEMICAL ANALYSIS 
SM  SM14  SM14  SM14  SM14  SM14 
Pb  conc (ppm)  1906.948  1906.948  1906.948  1906.948  1906.948 
total imput Pb (g)  0.0017815  0.0012288  0.0016537  0.0013560  0.0019449 
FILTER CATCH  T44-F  T45-F  T46-F  T47-F  T48-F 
Pb  conc (ppm)  3566.623  3947.989  9203.743  8578.430  8140.588 
CYCLONE CATCH  T44-C  T46-C  T46-C  T47-C  T48-C 
Pb  conc (ppm)  1713.087  1700.256  547.293  665.165  834.704 
Rate of Pb conc. remained in cyclone (%  89.834  89.161  28.700  34.881  43.772 
MATERIAL BALANCE 
Pb recover  Filter/SM CM  15.24  11.18  47.59  44.73  39.14 
Cyclone/SM (%)  67.15  68.01  22.61  26.21  33.63 
Total (%)  82.39  79.19  70.20  70.94  72.76 
Total wt recover  (%)  82.89  81.67  88.64  85.09  85.99 90 
Table E.3. Continued 
EXPERIMENT ID  TEST-49  TEST-50  TEST-55  TEST-56 
DATE  6/24/94  6/24/94  7/27/94  7/27/94 
SOLID MATERIAL TYPE  SM14  SM14  SM15  SM15 
TEMPERATURE (°C)  1100  1100  1100  1100 
ROOM TEMPERATURE (°C)  27.2  27.5  28.1  30.6 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.217  0.257  0.176  0.260 
TOTAL FLOW (1/min)  25.00  30.00  20.00  30.00 
air (1/min) 
02(1/min) 
N2 (1/min)  25.00  30.00  20.00  30.00 
SECONDARY FLOW (1/min)  24.78  29.74  19.82  29.74 
QUENCH (1/min)  25.00  30.00  20.00  30.00 
tip(1/min)  20.00  24.00  16.00  24.00 
wall(I/min)  5.00  6.00  4.00  6.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  27.00  27.00  10.50  10.50 
TOTAL RUNNING TIME (sec)  180.00  180.00  190.00  170.00 
time at plug  150.00  100.00 
RESIDENCE TIME (sec)  1.629  1.359  0.973  0.654 
RESIDENCE TIME (sec)-calculated  0.763  0.673  0.468  0.399 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.7982  0.6628  0.3404  0.7755 
MASS FLOW RATE (g/min )  0.2661  0.2209  0.1075  0.2737 
FILTER CATCH WEIGHT (g)  0.0763  0.0561  0.0298  0.0506 
% input weight in filter  9.56  8.46  8.75  6.52 
CYCLONE CATCH WEIGHT (g)  0.6341  0.4848  0.2734  0.4412 
% input weight in cyclone  79.44  73.14  80.32  56.89 
CHEMICAL ANALYSIS 
SM  SM14  SM14  SM15  SM15 
Pb  conc (ppm)  1906.948  1906.948  1332.035  1332.035 
total imput Pb (g)  0.0015221  0.0012639  0.0004534  0.0010330 
FILTER CATCH  T49-F  T50-F  T55-F  T56-F 
Pb  conc (ppm)  8286.632  7502.941  7378.188  3733.992 
CYCLONE CATCH  T49-C  T50-C  T55-C  T56-C 
Pb  conc (ppm)  915.389  923.926  1003.358  1042.981 
Rate of Pb conc. remained in cyclone (%  48.003  48.451  75.325  78.300 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  41.54  33.30  48.49  18.29 
Cyclone/SM (%)  38.13  35.44  60.50  44.55 
Total (%)  79.67  68.74  108.99  62.84 
Total wt recover  (%)  89.00  81.61  89.07  63.42 91 
Table E.4. LEFR Data Analysis Sheet-LEFR5 
EXPERIMENT ID  TEST-60a  TEST-60b  TEST-61  TEST-62a 
DATE  9/2/94  9/2/94  9/6/94  9/6/94 
SOLID MATERIAL TYPE  SM17  SM17  SM17  SM17 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE ( °C)  21.7  23.8  25.6  28.9 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.092  0.093  0.174  0.217 
TOTAL FLOW (1/min)  10.00  10.13  20.00  25.00 
air (I/min)  3.81  3.83  7.62  9.52 
02(1/min) 
N2 (Vmin)  6.19  6.30  12.38  15.48 
SECONDARY FLOW (1/min)  9.91  10.04  19.83  24.78 
QUENCH (1/min)  10.00  10.00  20.00  25.00 
tip (Vmin)  8.00  8.00  16.00  20.00 
wall(l/min)  2.00  2.00  4.00  5.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  120.00  191.00  180.00  150.00 
time at plug  120.00  0.00  120.00  90.00 
RESIDENCE TIME (sec)  2.230  2.217  1.129  0.913 
RESIDENCE TIME (sec)-calculated  0.756  0.751  0.513  0.451 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.4189  0.6678  ..  0.4331  0.3257 
MASS FLOW RATE (g/min)  0.2095  0.2098  0.1444  0.1303 
FILTER CATCH WEIGHT (g)  0.0226  0.0506  0.0413  0.0225 
% input weight in filter  5.40  7.58  9.54  6.91 
CYCLONE CATCH WEIGHT (g)  0.2614  0.5040  0.3036  0.2035 
% input weight in cyclone  62.40  75.47  70.10  62.48 
1st residual weight(g)  0.2533  0.4950  0.2935  0.2035 
CHEMICAL ANALYSIS 
SM  SM17  SM17  SM17  SM17 
Pb  conc (ppm)  1308.228  1308.228  1308.228  1308.228 
total imput Pb (g)  0.0005480  0.0008736  0.0005666  0.0004261 
FILTER CATCH  T-60a- F  T-60b- F  T-61-F  T-62a-F 
Pb  conc (ppm)  10489.030  7638.458  3835.157  5641.244 
CYCLONE CATCH  T-60a-C  T-60a-C  T-61-C  T-62a-C 
Pb  conc (ppm)  944.054  912.001  1066.955  1182.304 
Rate of Pb conc. remained in cyclone (%  72.163  69.713  81.557  90.374 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  43.26  44.24  27.96  29.79 
Cyclone/SM (%)  45.03  52.61  57.17  56.47 
Total (%)  88.29  96.85  85.13  86.26 
Total wt recover  (%)  67.80  83.05  79.64  69.39 92 
Table E.4. Continued 
EXPERIMENT ID  TEST-62b  TEST-64  TEST-65  TEST-66 
DATE  9/8/94  9/8/94  9/11/94  9/11/94 
SOLID MATERIAL TYPE  SM17  SM17  SM17  SM17 
TEMPERATURE ( °C)  900  900  1100  1100 
ROOM TEMPERATURE (°C)  23.8  23.9  20.9  23.6 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.222  0.347  0.217  0.347 
TOTAL FLOW ( /min)  25.00  40.00  25.00  40.00 
air (1/min)  9.52  9.52 
02(/min)  3.20  3.20 
N2 (/min)  15.48  36.80  15.48  36.80 
SECONDARY FLOW (1/min)  24.78  39.65  24.78  39.65 
QUENCH (1/min)  25.00  40.00  25.00  40.00 
tip (1/min)  20.00  32.00  20.00  32.00 
wall(l/min)  5.00  8.00  5.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  180.00  180.00  360.00  60.00 
time at plug  ?  90.00  60.00 
RESIDENCE TIME (sec)  0.898  0.561  0.759  0.479 
RESIDENCE TIME (sec) - calculated  0.452  0.342  0.408  0.306 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.3964  0.4877  0.7003  0.5973 
MASS FLOW RATE (g/min)  0.1321  0.1626  0.1167  0.5973 
FILTER CATCH WEIGHT (g)  0.0325  0.0239  0.0100  0.0200 
% input weight in filter  8.20  4.90  1.43  3.35 
CYCLONE CATCH WEIGHT (g)  0.2704  0.3513  0.2259  0.1325 
% input weight in cyclone  68.21  72.03  32.26  22.18 
1st residual weight(g)  0.2549  0.3474  0.1845  0.1325 
CHEMICAL ANALYSIS 
SM  SM17  SM17  SM17  SM17 
Pb  conc (ppm)  1308.228  1308.228  1308.228  1308.228 
total imput Pb (g)  0.0005186  0.0006380  0.0009162  0.0007814 
FILTER CATCH  T-62b-F  T-64-F  T-65-F  T-66-F 
Pb  conc (ppm)  4389.538  4323.431  41010.400  10279.400 
CYCLONE CATC  T-62b-C  T-64-C  T-65-C  T-66-C 
Pb  conc (ppm)  1006.706  1044.039  307.752  247.046 
Rate of Pb conc. remained in cyclone (%  76.952  79.806  23.524  18.884 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  27.51  16.20  44.76  26.31 
Cyclone/SM (%)  52.49  57.49  7.59  4.19 
Total (%)  80.00  73.68  52.35  30.50 
Total wt recover  (%)  76.41  76.93  33.69  25.53 93 
Table E.4. Continued 
EXPERIMENT ID  TEST-67  TEST-68  TEST-69  TEST-70 
DATE  9/11/94  9/12/94  9/12/94  9/13/94 
SOLID MATERIAL TYPE  SM17  SM17  SM17  SM17 
TEMPERATURE (°C)  600  900  600  900 
ROOM TEMPERATURE (°C)  23.2  21.5  23.5  21.4 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.087  0.085  0.098  0.345 
TOTAL FLOW (1/min)  10.00  10.00  10.00  40.00 
air (1/min)  3.81  3.81  3.81 
020/min)  3.20 
N2 (1/min)  6.19  6.19  6.19  36.80 
SECONDARY FLOW (1/min)  9.91  9.92  9.90  39.66 
QUENCH (1/min)  10.00  10.00  10.00  40.00 
tip(iimin)  8.00  8.00  8.00  32.00 
walla/min)  2.00  2.00  2.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  10.50  25.50  25.50  1.50 
TOTAL RUNNING TIME (sec)  200.00  110.00  120.00  150.00  _ 
time at plug  200.00  30,6010  60,60  120,30 
RESIDENCE TIME (sec)  3.010  4.453  6.032  0.223 
RESIDENCE TIME (sec)-calculated  0.814  1.503  1.625  0.169 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.7042  0.5061  0.1636  0.1539 
MASS FLOW RATE (g/min)  0.2113  0.2761  0.0818  0.0616 
FILTER CATCH WEIGHT (g)  0.0489  0.0196  0.0106  0.0201 
% input weight in filter  6.94  3.87  6.48  13.06 
CYCLONE CATCH WEIGHT (g)  0.5838  0.2030  0.1082  0.1121 
% input weight in cyclone  82.90  40.11  66.14  72.84 
1st residual weight(g)  0.5574  0.2009  0.1019  0.1121 
CHEMICAL ANALYSIS 
SM  SM17  SM17  SM17  SM17 
Pb  conc (ppm)  1308.228  1308.228  1308.228  1308.228 
total imput Pb (g)  0.0009213  0.0006621  0.0002140  0.0002013 
FILTER CATCH  T-67-F  T-68-F  T-69-F  T-70-F 
Pb  conc (ppm)  987.076  17311.730  101.132  1227.363 
CYCLONE CATCH  T-67-C  T-68-C  T-69-C  T-70-C 
Pb  conc (ppm)  1263.609  571.702  1014.033  1272.614 
Rate of Pb conc. remained in cyclone (%  96.589  43.700  77.512  97.278 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  5.24  51.25  0.50  12.25 
Cyclone/SM (%)  80.08  17.53  51.26  70.86 
Total (%)  85.31  68.78  51.76  83.11 
Total wt recover  (%)  89.85  43.98  72.62  85.90 94 
Table E.S. LEFR Data Analysis Sheet-LEFR6B 
EXPERIMENT ID  TEST -72b  TEST-72c  TEST-73a  TEST -73b 
DATE  10/16/94  10/16/94  10/17/94  10/17/94 
SOLID MATERIAL TYPE  SM19  SM19  SM19  SM19 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE (°C)  25.6  18  17  18.3 
DATA ACQUISITION FILE 
PRIMARY FLOW ( /min)  0.176  0.176  0.217  0.220 
TOTAL FLOW (1/min)  20.00  20.00  25.00  25.00 
air ( /min) 
02(1/min) 
N2 (1/min)  20.00  20.00  25.00  25.00 
SECONDARY FLOW (1/min)  19.82  19.82  24.78  24.78 
QUENCH (1/min)  20.00  20.00  25.00  25.00 
tip( /min)  16.00  16.00  20.00  20.00 
wall( /min)  4.00  4.00  5.00  5.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.80  0.80 
LENGTH OF REACTOR /'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  180.00  90.00  160.00  180.00 
time at plug  120,60  90.00  ? 
RESIDENCE TIME (sec)  1.129  1.100  0.877  0.881 
RESIDENCE TIME (sec)-calculated  0.533  0.533  0.468  0.465 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.8533  0.2384  0.9839  1.2187 
MASS FLOW RATE (g/min)  0.2844  0.1589  0.3690  0.4062 
FILTER CATCH WEIGHT (g)  0.0264  0.0134  0.0195  0.0182 
% input weight in filter  3.09  5.62  1.98  1.49 
CYCLONE CATCH WEIGHT (g)  0.1578  0.1030  0.2311  0.2186 
% input weight in cyclone  18.49  43.20  23.49  17.94 
1st residual weight(g)  0.1048 
CHEMICAL ANALYSIS 
SM  SM19  SM19  SM19  SM19 
Pb  conc (ppm)  539.968  539.968  539.968  539.968 
total imput Pb (0  0.0004608  0.0001287  0.0005313  0.0006581 
FILTER CATCH  T-72b-F  T-72c-F  T-73a-F  T-73b-F 
Pb  conc (ppm)  5830.841  1607.313  2900.205  3428.022 
CYCLONE CATCH  T-72b-C  T-72c-C  T-73a-C  T-73b-C 
Pb  conc (ppm)  386.594  398.022  - -
Rate of Pb conc. remained in cyclone (%)  71.596  73.712  #VALUE!  #VALUE! 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  33.41  16.73  10.64  9.48 
Cyclone/SM (%)  13.24  31.85  #VALUE!  #VALUE! 
Total (%)  46.65  48.58  #VALUE!  #VALUE! 
Total wt recover  (%)  21.59  48.83  25.47  19.43 95 
Table E.S. Continued 
EXPERIMENT ID  TEST-74a  TEST -74b  TEST-75a  TEST-75b 
DATE  10/17/94  10/17/94  10/18/94  10/18/94 
SOLID MATERIAL TYPE  SM19  SM19  SM19  SM19 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE (°C)  18.2  17.3  18  19.8 
DATA ACQUISITION FILE 
PRIMARY FLOW (1min)  0.347  0.347  0.181  0.174 
TOTAL FLOW (1/min)  40.00  40.00  20.00  20.00 
_ 
air (1/min)  7.62  7.62 
02(1/min) 
N2 (1/min)  40.00  40.00  12.38  12.38 
SECONDARY FLOW (1/min)  39.65  39.65  19.82  19.83 
QUENCH (1/min)  40.00  40.00  20.00  20.00 
tip(1/min)  32.00  32.00  16.00  16.00 
wall(1/min)  8.00  8.00  4.00  4.00 
TYPE OF FILTER PAPER (micron)  0.80  0.80  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  170.00  290.00  210.00  200.00 
time at plug  290.00 
RESIDENCE TIME (sec)  0.551  0.549  1.101  1.107 
RESIDENCE TIME (sec)-calculated  0.351  0.351  0.532  0.534 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.6920  3.0107  2.0795  1.5878 
MASS FLOW RATE (g/min)  0.2442  0.6229  0.5941  0.4763 
FILTER CATCH WEIGHT (g)  0.0089  0.0401  0.0230  0.0279 
% input weight in filter  1.29  1.33  1.11  1.76 
CYCLONE CATCH WEIGHT (g)  0.1102  1.4445  0.9039  0.7285 
% input weight in cyclone  15.92  47.98  43.47  45.88 
1st residual weight(g) 
CHEMICAL ANALYSIS 
SM  SM19  SM19  SM19  SM19 
Pb  conc (ppm)  539.968  539.968  539.968  539.968 
total imput Pb (g)  0.0003737  0.0016257  0.0011229  0.0008574 
FILTER CATCH  T-74a-F  T-74b-F  T-75a-F  T-75b-F 
Pb  conc (ppm)  1764.270  1992.469  5250.000  4327.957 
_ 
CYCLONE CATCH  T-74a-C  T-74b-C  T-75a-C  T-75b-C 
Pb  conc (ppm)  - - 468.312  501.220 
Rate of Pb conc. remained in cyclone (%)  #VALUE!  #VALUE!  86.730  92.824 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  4.20  4.91  10.75  14.08 
Cyclone/SM (%)  #VALUE!  #VALUE!  37.70  42.59 
Total (%)  #VALUE!  #VALUE!  48.45  56.67 
Total wt recover  (%)  17.21  49.31  44.57  47.64 96 
Table E.S. Continued 
EXPERIMENT ID  TEST-76a  TEST-76b  TEST-77a  TEST-77b 
DATE  10/21/94  10/21/94  10/24/94  10/24/94 
SOLID MATERIAL TYPE  SM19  SM19  SM19  SM19 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE (°C)  18.3  20.7  18.6  19.5 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.224  0.217  0.337  0.337 
TOTAL FLOW (1/min)  25.00  25.00  36.80  36.80 
_ 
air (1/min)  9.52  9.52 
02(1/min) 
N2 (1/min)  15.48  15.48  36.80  36.80 
SECONDARY FLOW (1/min)  24,78  24.78  36.46  36.46 
QUENCH (1/min)  25.00  25.00  40.00  40.00 
tip(1/min)  20.00  20.00  32.00  32.00 
wall(Vmin)  5.00  5.00  8.00  8.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.80  0.80 
LENGTH OF REACTOR / 'EL' (in)  10.50  10.50  10.50  10.50 
TOTAL RUNNING TIME (sec)  90.00  60.00  210.00  240.00 
time at plug  90.00 
RESIDENCE TIME (sec)  0.881  0.888  0.599  0.601 
RESIDENCE TIME (sec)-calculated  0.466  0.467  0.353  0.353 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  0.4577  0.3063  1.9160  3.1979 
MASS FLOW RATE (g/min)  0.3051  0.3063  0.5474  0.7995 
FILTER CATCH WEIGHT (g)  0.0375  0.0105  0.0314  0.0479 
% input weight in filter  8.19  3.43  1.64  1.50 
CYCLONE CATCH WEIGHT (g)  0.1349  0.0909  0.5571  1.7254 
% input weight in cyclone  29.47  0.09  29.08  53.95 
1st residual weight(g)  1.6519 
CHEMICAL ANALYSIS 
SM  SM19  SM19  SM19  SM19 
Pb  conc (ppm)  539.968  539.968  539.968  539.968 
total imput Pb (g)  0.0002471  0.0001654  0.0010346  0.0017268 
_ 
FILTER CATCH  T-76a-F  T-76b-F  T-77a-F  T-77b-F 
.. 
Pb  conc (ppm)  885.600  4274.476  1057.643  1911.691 
CYCLONE CATC  T-76a-C  - T-76b-C  T-77a-C  T-77b-C 
Pb  conc (ppm)  518.435  517.670  - -
Rate of Pb conc. remained in cyclone (%)  96.012  95.870  #VALUE!  #VALUE! 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  13.44  27.14  3.21  5.30 
Cyclone/SM (%)  28.30  28.45  #VALUE!  #VALUE! 
Total (%)  41.74  55.59  #VALUE!  #VALUE! 
Total wt recover  (%)  37.67  3.52  30.72  55.45 97 
Table E.S. Continued 
EXPERIMENT ID  TEST-78a  TEST-78h  TEST-79a  TEST-79b 
DATE  10/28/94  10/28/94  10/28/94  10/28/94 
SOLID MATERIAL TYPE  SM19  SM19  SM19  SM19 
TEMPERATURE (°C)  900  900  900  900 
ROOM TEMPERATURE (°C)  18.5  19.3  19.4  18.9 
DATA ACQUISITION FILE 
PRIMARY FLOW (1/min)  0.143  0.150  0.180  0.177 
TOTAL FLOW (1/min)  15.00  15.00  20.00  20.00 
air (1/min) 
02(1/min) 
N2 (1/min)  15.00  15.00  20.00  20.00 
SECONDARY FLOW (1/min)  14.86  14.85  19.82  19.82 
QUENCH (1/min)  15.00  15.00  20.00  20.00 
tip(hnin)  12.00  12.00  16.00  16.00  . 
wall(1/min)  3.00  3.00  4.00  4.00 
TYPE OF FILTER PAPER (micron)  0.8  0.8  0.8  0.8 
LENGTH OF REACTOR / 'EL' (in)  25.50  25.50  25.50  25.50 
TOTAL RUNNING TIME (sec)  230.00  150.00  210.00  90.00 
time at plug 
RESIDENCE TIME (sec)  2.942  2.951  2.212  2.208 
RESIDENCE TIME (sec)-calculated  1.190 
_ 
1.186  1.000  0.979 
WEIGHT DATA 
TOTAL INPUT WEIGHT (g)  1.7283  0.9416  1.3139  0.2445 
MASS FLOW RATE (g/min)  0.4509  0.3766  0.3754  0.1630 
FILTER CATCH WEIGHT (g)  0.0207  0.0211  0.0153  0.0125 
% input weight in filter  1.20  2.24  1.16  5.11 
CYCLONE CATCH WEIGHT (g)  0.4609 
_ 
0.7991  0.2730  0.0403 
% input weight in cyclone  26.67  84.87  20.78  16.48 
1st residual weight(g)  0.5514 
CHEMICAL ANALYSIS 
SM  SM19  SM19  SM19  SM19 
Pb  conc (ppm)  539.968  539.968  539.968  539.968 
_ 
total imput Pb (g)  0.0009332  0.0005084  0.0007095  0.0001320 
FILTER CATCH  T-78a-F  T-78b-F  T-79a-F  T-79b-F 
Pb  conc (ppm)  12317.778  8488.626  10562.222  2656.800 
CYCLONE CATCH  T-78a-C  T-78b-C  T-79a-C  T-79b-C 
Pb  conc (ppm)  331.557  301.047  345.678  364.217 
Rate of Pb conc. remained in cyclone (%)  61.403  55.753  64.018  67.452 
MATERIAL BALANCE 
Pb recover  Filter/SM (%)  27.32  35.23  22.78  25.15 
Cyclone/SM (%)  16.37  47.32  13.30  11.12 
Total (%)  43.70  82.54  36.08  36.27 
Total wt recover  (%)  27.87  87.11  21.94  21.60 98 
Table E.S. Continued 
EXPERIMENT ID
 
DATE
 
SOLID MATERIAL TYPE
 
TEMPERATURE (°C)
 
ROOM TEMPERATURE (°C)
 
DATA ACQUISITION FILE
 
PRIMARY FLOW (1/min)
 
TOTAL FLOW (1/min)
 
air (1/min)
 
02(1/min)
 
N2 (1/min)
 
SECONDARY FLOW (1/min) 
QUENCH (1/min)
 
tip(1/min)
 
wall(1/min)
 
TYPE OF FILTER PAPER (micron) 
LENGTH OF REACTOR / 'EL' (in) 
TOTAL RUNNING TIME (sec) 
time at plug
 
RESIDENCE TIME (sec)
 
RESIDENCE TIME (sec)-calculated
 
WEIGHT DATA
 
TOTAL INPUT WEIGHT (g)
 
MASS FLOW RATE (g/min)
 
FILTER CATCH WEIGHT (g)
 
% input weight in filter
 
CYCLONE CATCH WEIGHT (g)
 
% input weight in cyclone
 
1st residual weight(g)
 
CHEMICAL ANALYSIS
 
SM
 
Pb  conc (ppm)
 
total imput Pb (g)
 
FILTER CATCH
 
Pb  cone (ppm)
 
CYCLONE CATCH
 
Pb  conc (ppm) 
Rate of Pb conc. remained in cyclone (%) 
MATERIAL BALANCE 
Pb recover  Filter/SM (%) 
Cyclone/SM (%) 
Total (%) 
TEST-80a
 
10/30/94
 
SM19
 
900
 
15.6
 
0.147 
15.00 
5.71 
9.29 
14.85 
15.00 
12.00 
3.00 
0.8 
25.50 
240.00 
2.913 
1.190 
2.0228 
0.5057 
0.0247 
1.22 
0.7030 
34.75 
SM19 
539.968 
0.0010922 
T-80a-F 
9614.170 
T-80a-C 
283.925 
52.582 
21.74 
18.27 
40.02 
TEST-80b
 
10/30/94
 
SM19
 
900
 
15.9
 
0.130 
15.00 
5.71 
9.29 
14.87 
15.00 
12.00 
3.00 
0.8 
25.50 
60.00 
2,60 
2.913 
1.200 
0.5571 
0.5571 
0.0461 
8.27 
0.6461 
115.98 
SM19 
539.968 
0.0003008 
T-80b-F 
1733.145 
T-80b-C 
279.815 
51.821 
26.56 
60.10 
86.66 
TEST-81a
 
11/1/94
 
SM19
 
900
 
18.3
 
0.174 
20.00 
7.62 
12.38 
19.83 
20.00 
16.00 
4.00 
0.8 
25.50 
150.00 
150.00 
2.203 
0.982 
1.0239 
0.4096 
0.0170 
1.66 
0.2060 
20.12 
SM19 
539.968 
0.0005529 
T-81a-F 
7446.235 
T-81a-C 
317.830 
58.861 
22.90 
11.84 
34.74 
Total wt recover  (%)  35.97  124.25  21.78 99 
Appendix F The AAS data Analysis Sheet 
Table F.1. Atomic Absorption Data analysis Sheet 
AAS-1 
Experiment date: 3-25-94 
Sample ID  Meter Reading  Conc. of Solution  Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/1  p.g/1  g  ppm Pb 
D5  40  21.6446  21644.6  SIsA5  1.0552  2051.232 
D7-1  30  15.1826  15182.6  SM7  0.9232  1644.562 
D7-2  25  11.9516  11951.6  SM7  0.7409  1613.119 
D8(1:4)  44  24.2294  24229.4  SM8 
D8  >100  121.147  121147  SM8  0.9168  13214.114 
STD 5  12  5 
STD 10  23  10 
STD 20  41  20 
STD 30  52  30 
STD 40  67  40 
AAS-1 calibration curve 
40 
35 
30  y = 0.6462x - 4.2034 
a. 
.12  25  Fe= 0.9891 
E  20 
la. 15­
10 
5­
0  1  1  1 
0  20  40  60  80 
Meter Reading 100 
Table F.2. Atomic Absorption Data analysis Sheet 
AAS-2 
experiment date: 4-28-94 
Sample ID  Meter Reading  Conc. of Solution 
ppm Pb / or mg/1 
Conc. of Solution 
lig/1 
SM  wt. of SM 
g 
Conc. of SM 
ppm Pb 
T7 FUME  0.5  0.30185  301.85  SM11  0.0073  4134.932 
T5 CHAR  19  20.9941  20994.1  SM5  1.0438  2011.314 
T7 CHAR  2.3  2.31515  2315.15  SM11  1.03  224.772 
D10  2.4  2.427  2427  SM10  1.059  229.178 
Dll  2.4  2.427  2427  SM11  1.0644  228.016 
STD 1  0.8  1
 
STD 4  3.8  4
 
STD 8  7.6  8
 
STD 12  11.1  12
 
STD 16  14.8  16
 
STD 20  18.2  20
 
STD 25  22.2  25
 101 
Table F.3. Atomic Absorption Data analysis Sheet 
AAS-3 
Experiment date: 5-22-94 
Sample ID  Meter Reading  Conc. of Solution  Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/1  PO  g  ppm Pb 
T21 CHAR  4  2.2875  2287.5  SM10  1.1732  194.980 
T21 FUME  0.9  0.06852  68.52  SM10  0.0265  258.566 
T10 CHAR  79  68.0634  68063.4  SM8  0.5339  12748.342 
T10-C(1:1)  47  33.0669  33066.9  SM8 
T10-C(1:2)  32.5  22.6878  22687.8  SM8 
T10 FUME  19  13.0245  13024.5  SM8  0.0207  62920.290 
T12 CHAR  65  45.9513  45951.3  SM8  0.4398  10448.226 
T12-C(1:1)  36  25.1931  25193.1  SM8 
T12 FUME  15.5  10.5192  10519.2  SM8  0.0194  54222.680 
T9 CHAR  15.8  10.73394  10733.94  SM7  0.7582  1415.714
 
T9 FUME  2.5  1.2138  1213.8  SM7  0.0099  12260.606
 
T11 CHAR  10.6  7.01178  7011.78  SM7  0.4378  1601.594
 
T11 FUME  1.8  0.71274  712.74  SM7  0.0039  18275.385
 
STD 1  1.8  1
 
STD 4  6.2  4
 
STD 8  12  8
 
STD 12  18.5  12
 
STD 16  24  16
 
STD 20  28.2  20
 
STD 25  34.8  25
 
STD 30  43  30
 
AAS-3 calibration curve 
35
 
30 ­
25 ­
_a 
20  y = 0.7158x - 0.5757
a 15  R2 = 0.9979 
10 ­
5 
1 0 i I  I I 
0  10 20 30 40 50 
Meter Reading 102 
Table F.4. Atomic Absorption Data analysis Sheet 
AAS-5b 
Experiment date: 6-21-94 
Sample ID  Meter Reading  Conc. of Solution 
ppm Pb / or mg/1 
Conc. of So lu. 
ug/1 
SM  wt. of SM 
g 
Conc. of SM 
ppm Pb 
T-31-F  5.2  4.49116  4491.16  SM12  0.0618  7267.249 
T-32b-F  2.5  1.99825  1998.25  SM12  0.0245  8156.122 
T-18c-F  3.8  3.19854  3198.54  SM12  0.0395  8097.570 
T-33-F  1.8  1.35194  1351.94  SM12  0.0193  7004.870 
T-24-F  3.2  2.64456  2644.56  SM12  0.0438  6037.808 
T-23-F  2  1.5366  1536.6  SM12  0.0532  2888.346 
T-14-F  1.2  0.79796  797.96  SM12  0.0564  1414.823 
T-28-F  2.8  2.27524  2275.24  SM12  0.0481  4730.229 
T-27-F  1.8  1.35194  1351.94  SM12  0.0724  1867.320 
T-34-F  16  14.4628  14462.8  SM13  0.0587  24638.501 
T-35-F  16.5  14.92445  14924.45  SM13  0.0786  18987.850 
T-19-F  5.5  4.76815  4768.15  SM13  0.0231  20641.342 
T-26-F  13  11.6929  11692.9  SM13  0.0557  20992.639 
T-25-F  5.2  4.49116  4491.16  SM13  0.0428  10493.364 
T-38-F  4.8  4.12184  4121.84 
,­ SM13  0.0471  8751.253 
T-39b-F  8.4  7.44572  7445.72  SM13  0.0718  10370.084 
T-15c-F  4.2  3.56786  3567.86  SM13  0.0352  10135.966 
T-15d-F  2.4  1.90592  1905.92  SM13  0.0183  10414.863 
T-30-F  6  5.2298  5229.8  SM13  0.0555  9423.063 
T-38b-F  6.8  5.96844  5968.44  SM13  0.0627  9519.043 
T-29-F  7  6.1531  6153.1  SM13  0.0553  11126.763 
T-29b-F  6.4  5.59912  5599.12  SM13  0.0484  11568.430 
T-37-C  1  0.6133  613.3  SM12  0.0343  1788.047 
T-33-C  2.8  2.27524  2275.24  SM12  0.2126  1070.198 
T-36-C  3.8  3.19854  3198.54  SM12  0.181  1767.149 
T-31-C  4.2  3.56786  3567.86  SM12  0.402  887.527 
T-32b-C  4.8  4.12184  4121.84  SM12  0.4624  891.401 
T-18c-C  5.2  4.49116  4491.16  SM12  0.4266  1052.780 
T-24-C  6  5.2298  5229.8  SM12  0.4503  1161.404 
T-23-C  7.2  6.33776  6337.76  SM12  0.4527  1399.991 
T-14-C  8.6  7.63038  7630.38  SM12  0.4373  1744.885 
T-28-C  7.8  6.89174  6891.74  SM12  0.4136  1666.281 
1-27-C  7.8  6.89174  6891.74  SM12  0.4059  1697.891 
T-34-C  9.5  8.46135  8461.35  SM13  0.3952  2141.030 
1-35-C  13.5  12.15455  12154.55  SM13  0.462  2630.855 
T-19-C  9.2  8.18436  8184.36  SM13  0.3184  2570.465 
T-29b-C  13.2  11.87756  11877.56  SM13  0.3776  3145.540 
T-29-C  15  13.5395  13539.5  SM13  0.4112  3292.680 
1-38-C  16  14.4628  14462.8  SM13  0.411  3518.929 
T-26-C  20.2  18.34066  18340.66  SM13  0.661  2774.684 
1-25-C  18.4  16.67872  16678.72  SM13  0.5251  3176.294 103 
Table F.4. Continued. 
Sample ID  Meter Reading  Conc. of Solution 
ppm Pb / or mg/1 
Conc. of So lu. 
P-g/1 
SM  wt. of SM 
g 
Conc. of SM 
ppm Pb 
T-39b-C  17.8  16.12474  16124.74  SM13  0.478  3373.377 
17  151861  15386.1  SM11  0.4291  3585.668 
T-15d-C  14.8  13.35484  13354.84  SM13  0.3724  3586.155 
T-30-C  17.8  16.12474  16124.74  SM13  0.4192  3846.551 
T-38b-C  17.2  15.57076  15570.76  SM13  0.4341  3586.906 
D12  16.8  15.20144  15201.44  SM12  0.9232  1646.603 
D12-2  6  5.2298  5229.8  SM12  0.3078  1699.090 
D12-3  7.2  6.33776  6337.76  SM12  0.3382  1873.968 
D13-2  20.5  18.61765  18617.65  SM13  0.4409  4222.647 
D13-3  20.4  18.52532  18525.32  SM13  0.4372  4237.264 
D13  40  40.37452  40374.52  SM13  0.9472  4262.513 
D13(1:1)  22.2  20.18726  20187.26  SM13 
STD1  1  1 
STD 4  4.8  4 
STD 8  9.2  8 
STD 12  13.8  12 
STD 16  17.8  16 
STD 20  21.5  20 
STD25  26.4  25 104 
Table F.5. Atomic Absorption Data analysis Sheet 
AAS-6 
Experiment date: 7-15-94 
Sample ID  Meter Reading  Conc. of Solution  Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/1  11W1  g  ppm Pb 
T-46-C  3  2.5679  2567.9  SM14  0.4692  547.293 
T-47-C  3.2  2.74846  2748.46  SM14  0.4132  665.165 
T-48-C  4  3.4707  3470.7  SM14  0.4158  834.704 
T-49-C  4.4  3.83182  3831.82  SM14  0.4186  915.389 
1-44-C  8  7.0819  7081.9  SM14  0.4134  1713.087 
1-45-C  7.8  6.90134  6901.34  SM14  0.4059  1700.256 
D-14-1  8.9  7.89442  7894.42  SM14  0.4165  1895.419 
D-14-2  9  7.9847  7984.7  SM14  0.4162  1918.477 
D-14-2  11.5  10.2417  10241.7  SM13  0.448  2286.094 
D-14-2  12.9  11.50562  11505.62  SM13  0.3615  3182.744 
STD1 1  1
 
STD 4  4.8  4
 
STD 8  8.9  8
 
STD 12  13.8  12
 
STD 16  18  16
 
STD 20  22  20
 105 
Table F.6. Atomic Absorption Data analysis Sheet 
AAS-7 
Experiment date: 7-29-94 
Sample ID  Meter Reading  Conc. of Solution  Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/1  ppm Pb 141  g 
T-55-C  3.8  2.74318  2743.18  SM15  0.2734  1003.358 
T-56-C  5.9  4.56304  4563.04  SM15  0.4375  1042.981 
D-15-2  7.2  5.68962  5689.62  SM15  0.4346  1309.162 
D-15-1  7.9  6.29624  6296.24  SM15  0.4647  1354.904 
STD1  1.6  1 
STD 4  5.4  4 
STD 8  9.8  8 
STD 12  14.8  12 
STD 16  19  16 
STD 20  23.6  20  --­106 
Table F.7. Atomic Absorption Data analysis Sheet 
AAS-9 
Experiment date: 9-21-94 
Sample ID  Meter Reading  Conc. of Solution 
ppm Pb / or mg/I 
Conc. of Solution 
ug/l 
SM  wt. of SM 
g 
Conc. of SM 
ppm Pb 
T-60a-F  3.2  2.37052  2370.52  SM17  0.0226  10489.027 
T-60b-F  5.1  3.86506  3865.06  SM17  0.0506  7638.458 
T-61-F  2.2  1.58392  1583.92  SM17  0.0413  3835.157 
T-62a-F  1.8  1.26928  1269.28  SM17  0.0225  5641.244 
T-62b-F  2  1.4266  1426.6  SM17  0.0325  4389.538 
T-64-F  1.5  1.0333  1033.3  SM17  0.0239  4323.431 
T-65-F  5.4  4.10104  4101.04  SM17  0.01  41010.400 
T-66-F  2.8  2.05588  2055.88  SM17  0.02  10279.400 
1-67-F  0.8  0.48268  482.68  SM17  0.0489  987.076 
1-68-F  4.5  3.3931  3393.1  SM17  0.0196  17311.735 
1-69-F  0.2  0.01072  10.72  SM17  0.0106  101.132 
1-70-F  0.5  0.2467  246.7  SM17  0.0201  1227.363 
T-60a-C  3.2  2.37052  2370.52  SM17  0.2511  944.054 
T-60b-C  5.9  4.49434  4494.34  SM17  0.4928  912.001 
1-61-C  4.2  3.15712  3157.12  SM17  0.2959  1066.955 
T-62a-C  3.2  2.37052  2370.52  SM17  0.2005  1182.304 
T-62b-C  3.4  2.52784  2527.84  SM17  0.2511  1006.706 
1-64-C  4.8  3.62908  3629.08  SM17  0.3476  1044.039 
1-65-C  0.9  0.56134  561.34  SM17  0.1824  307.752 
1-66-C  0.6  0.32536  325.36  SM17  0.1317  247.046 
T-67-C  6.8  5.20228  5202.28  SM17  0.4117  1263.609 
T-68-C  1.6  1.11196  1111.96  SM17  0.1945  571.702 
1-69-C  1.5  1.0333  1033.3  SM17  0.1019  1014.033 
1-70-C  2  1.4266  1426.6  SM17  0.1121  1272.614 
D-17-2  3.5  2.6065  2606.5  SM17  0.1978  1317.745 
D-17-1  7.2  5.51692  5516.92  SM17  0.4248  1298.710 107 
Table F.7. Continued 
Sample ID  Meter Reading  Conc. of Solution  Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/I  PO  g  ppm Pb 
STD1-3  1.4  1
 
STD2-3  2.6  2
 
STD3-3  4.2  3
 
STD 4-3  5.2  4
 
STD 8-3  10.4  8
 
STD 12-3  15.6  12
 
STD 16-3  20.4  16
 
STD 20-3  25.6  20
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Table F.8. Atomic Absorption Data analysis Sheet 
AAS-11-2b 
Experiment date:11-7-94 
Sample ID Meter Reading Conc. of Solutior Conc. of Solutior  SM  wt. of SM Conc. of SM 
ppm Pb / or mg/1  ug/1  g  ppm Pb 
T-72b-F  1.5  0.6239  623.9  SM19  0.0107  5830.841 
T-72b-C  1.1  0.39046  390.46  SM19  0.101  386.594 
T-72c-F  0.8  0.21538  215.38  SM19  0.0134  1607.313 
T-72c-C  1.1  0.39046  390.46  SM19  0.0981  398.022 
T-73a-F  1.4  0.56554  565.54  SM19  0.0195  2900.205 
T-73a-C  2.2  1.03242  1032.42  SM19  0.2271  909.221 
T-73b-F  1.5  0.6239  623.9  SM19  0.0182  3428.022 
T-73b-C  3.8  1.96618  1966.18  SM19  0.2127  924.391 
T-74a-F  0.7  0.15702  157.02  SM19  0.0089  1764.270 
T-74a-C  1.7  0.74062  740.62  SM19  0.1095  676.365 
T-74b-F  1.8  0.79898  798.98  SM19  0.0401  1992.469 
T-74b-C  7  3.8337  3833.7  SM19  0.5982  640.873 
T-75a-F  2.5  1.2075  1207.5  SM19  0.023  5250.000 
T-75a-C  4.7  2.49142  2491.42  SM19  0.532  468.312 
T-75b-F  2.5  1.2075  1207.5  SM19  0.0279  4327.957 
T-75b-C  6.6  3.60026  3600.26  SM19  0.7183  501.220 
T-76a-F  1  0.3321  332.1  SM19  0.0375  885.600 
T-76a-C  1.6  0.68226  682.26  SM19  0.1316  518.435 
T-76b-F  1.2  0.44882  448.82  SM19  0.0105  4274.476 
T-76b-C  1.2  0.44882  448.82  SM19  0.0867  517.670 
T-77a-F  1  0.3321  332.1  SM19  0.0314  1057.643 
T-77a-C  7  3.8337  3833.7  SM19  0.554  692.004 
T-77b-F  2  0.9157  915.7  SM19  0.0479  1911.691 
T-77b-C  5.5  2.9583  2958.3  SM19  0.4389  674.026 
T-78a-F  4.8  2.54978  2549.78  SM19  0.0207  12317.778 
T-78a-C  3  1.4993  1499.3  SM19  0.4522  331.557 
T-78b-F  3.5  1.7911  1791.1  SM19  0.0211  8488.626 
T-78b-C  3.2  1.61602  1616.02  SM19  0.5368  301.047 
T-79a-F  3.2  1.61602  1616.02  4 SM19  0.0153  10562.222 
T-79a-C  2  0.9157  915.7  SM19  0.2649  345.678 
T-79b-F  1  0.3321  332.1  SM19  0.0125  2656.800 
T-79b-C  0.65  0.12784  127.84  SM19  0.0351  364.217 
T-80a-F  4.5  2.3747  2374.7  SM19  0.0247  9614.170 
T-80a-C  3.8  1.96618  1966.18  SM19  0.6925  283.925 
T-80b-F  1.8  0.79898  798.98  SM19  0.0461  1733.145 
T-80b-C  3.5  1.7911  1791.1  SM19  0.6401  279.816 
T-81a-F  2.6  1.26586  1265.86  SM19  0.017  7446.235 
T-81a-C  1.5  0.6239  623.9  SM19  0.1963  317.830 
D-19-1  5  2.6665  2666.5  SM19  0.4978  535.657 
D-19-2  3.6  1.84946  1849.46  SM19  0.3398  544.279 109 
Table F.8. Continued 
Sample ID Meter Reading Conc. of Solution 
ppm Pb / or mg/1 
Conc. of Solution 
lign 
STD1-4  2.2  1 
STD2-4  4  2 
STD3-4  5.4  3 
STD4-4  7.2  4 
STD8-4  14.2  8 
SM  wt. of SM 
g 
Conc. of SM 
ppm Pb 110 
Table F.9. Atomic Absorption Data analysis Sheet 
AAS-12 
Experiment date:3-17-95 
Sample ID Meter Reading Conc. of Solutior Conc. of Solution  SM  wt. of SM  Conc. of SM 
ppm Pb / or mg/1  iign  g  ppm Pb 
T-37-F  0.85  0.059375  59.375  SM12  0.0035  1696.429 
T-36-F  1  0.1367  136.7  SM12  0.0083  1646.988 
T-41-F  3.9  1.63165  1631.65  SM12  0.0451  3617.849 
T-40-F  4.4  1.8894  1889.4  SM12  0.0567  3332.275 
T-45-F  3.4  1.3739  1373.9  SM14  0.0348  3947.989 
T-44-F  6  2.7142  2714.2  SM14  0.0761  3566.623 
T-55-F  5  2.1987  2198.7  SM14  0.0298  7378.188 
T-56-F  4.4  1.8894  1889.4  SM14  0.0506  3733.992 
T-50-F  8.9  4.20915  4209.15  SM14  0.0561  7502.941 
T-46-F  16  7.8692  7869.2  SM14  0.0855  9203.743 
T-47-F  12.5  6.06495  6064.95  SM14  0.0707  8578.430 
T-48-F  15.5  7.61145  7611.45  SM14  0.0935  8140.588 
T-49-F  13  6.3227  6322.7  SM14  0.0763  8286.632 
T-43-F  9  4.2607  4260.7  SM13  0.0376  11331.649 
T-42-F  22.5  11.21995  11219.95  SM13  0.1127  9955.590 
STD1-5  2.4  1
 
STD2-5  4.8  2
 
STD3-5  6.8  3
 
STD4-5  8.4  4
 
STD8-5  16.2  8
 
STD12-5  24  12
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Appendix G Results of Optimization for Cp and Xmodel 
Table G.1. Optimization results, made in inert environment (100% N2) at 900 °C for 
activated carbon impregnated with low concentration of PbC12 solution 
Mpb, ghnol  207 
Material  AC, 100% N2 
wpb, g/g  1.67E-03  Cp, mo1/1  4.63E-08 
Temp., °C  900 
DAB, m2/s  8.99E-05 
Dp, m  7.70E-05 
SM density, kg/m  1800 
4.30E-10 
Ap, m2  1.86171E-08 
kc, m/s  2.336 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/min  m2 /m3  Xexp, %  Xmodd, %  (Xap - Xmode)2 
T-41  24.5  0.179  40  0.2131  0.058  79.304  89.757  109.262 
T-40  24.3  0.227  25  0.2419  0.106  79.877  87.214  53.830 
T-23  21.7  0.357  40  0.2195  0.060  83.689  79.826  14.920 
T-24  21.7  0.54  20  0.2417  0.131  69.427  71.175  3.056 
T-33  27.3  0.644  40  0.1433  0.040  63.975  63.787  0.035 
T-18c  20.9  0.698  35.5  0.1998  0.061  62.933  61.514  2.013 
T-32b  26.9  0.781  30  0.1935  0.071  53.286  57.582  18.452 
T-31  24  1.026  20  0.1916  0.105  53.055  47.457  31.343 
Sum=  232.911 
MParticle, kg 112 
Table G.2. Optimization results, made in inert environment (100% N2) at 1100 °C for 
activated carbon impregnated with low concentration of PbC12 solution 
MPb, g/mol  207 
Material  AC, 100% N2 
wpb, g/g  1.67E-03  C, mo1/1  4.49E-08 
Temp., °C  1100 
DAB, m2/s  1.19E-04 
Dp, m  7.70E-05 
1800 SM density, kg/m 
mpartide, kg  4.30E-10 
Ap, m2  1.86171E-08 
ke m/s  3.077 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/min  m2/m3  Xcip, %  Xmodel, %  QCexp Xmoddf 
T-45  26.7  0.165  40  0.2148  0.051  89.161  87.947  1.474 
T-44  26.4  0.236  20  0.2803  0.132  89.834  83.350  42.040 
T-56  30.6  0.366  30  0.2737  0.087  78.3  74.208  16.747 
T-55  28.1  0.468  20  0.1075  0.051  75.325  66.613  75.902 
T-50  27.5  0.673  30  0.2209  0.070  48.452  53.633  26.839 
T-49  27.2  0.763  25  0.2661  0.101  48.003  49.724  2.961 
T-48  27  0.893  20  0.2782  0.132  43.772  44.551  0.607 
T-47  24.2  1.094  15  0.2032  0.127  34.881  34.126  0.569 
T-46  24.1  1.459  10  0.2365  0.222  28.7  31.607  8.449 
Sum=  175.588 113 
Table G.3. Optimization results, made in inert environment (100% N2) at 900 °C for 
activated carbon impregnated with high concentration of PbC12 solution 
Mpb, g/mol  207 
Material  AC, 100% N2 
wpb, g/g  4.24E-03  mo1/1  1.15E-07 
Temp., °C  900 
DAB, m2/s  8.99E-05 
m  7.70E-05 
SM density, kg/m  1800 
inpartide, kg  4.30E-10 
AP, m2  1.86171E-08 
k m/s  2.336 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/min  m2/m3  X,, %  Xmodd, %  (X,p - Xmodeif 
T-43  23.5  0.179  40  0.1722  0.047  79.304  89.904  112.356 
T-42  24.9  0.227  25  0.3847  0.169  79.877  87.633  60.155 
T-25  24.6  0.358  40  0.4245  0.117  83.689  80.570  9.725 
T-26  24.6  0.535  20  0.1651  0.091  69.427  71.189  3.106 
T-19  21  0.621  20  0.1518  0.082  63.975  66.659  7.203 
T-35  23.9  0.772  30  0.2938  0.107  62.933  60.020  8.486 
T-34  23.2  1.024  20  0.2409  0.132  53.286  49.966  11.025 
Sum=  212.056 114 
Table G.4. Optimization results, made in inert environment (100% N2) at 600 °C for 
activated carbon impregnated with high concentration of PbC12 solution 
Mpb, g/mol  207 
Material  AC, 100% N2 
Wpb, g/g  4.24E-03  C, mo1/1  7.24E-08 
Temp., °C  600 
DAB, m2/s  5.36E-05 
D, m  7.70E-05 
SM density, kg/m  1800 
m,,,de, kg  4.30E-10 
A m2  1.86171E-08 
ke, m/s  1.396 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/min  m21m3  Lip, %  Xmodd, %  (Xexp - Xmodd)2 
T-29  22  0.438  40  0.2812  0.103  77.643  90.937  176.738 
T-29b  25.1  0.438  40  0.1694  0.063  74.173  90.826  277.324 
T-30  22  0.624  20  0.2581  0.189  90.703  87.716  8.920 
T-15c  27  0.713  20  0.1255  0.093  84.552  85.464  0.832 
T-15d  24.5  0.731  20  0.1072  0.079  84.563  85.007  0.197 
T-39b  22.4  0.965  30  0.4655  0.227  79.546  82.254  7.335 
T-38b  21.2  1.221  20  0.2402  0.175  84.581  77.466  50.624 
T-38  24.8  1.221  20  0.1867  0.138  82.978  76.770  38.542 
Sum=  560.512 115 
Table G.S. Optimization results, made in the combustion environment (8% 02) at 900 °C 
for activated carbon impregnated with low concentration PbC12 solution 
Mpb, g/mol  207 
Material  AC, 8% 02 
wpb, g/g  1.31E-03  Cp, mo1/1  3.07E-08 
Temp., °C  900 
DAB, m2/s  8.99E-05 
Dp, m  7.70E-05 
SM density, kg/m  1800 
prtise,  4.30E-10 
Ap, m2  1.86171E-08 
m/s  2.336 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/inin  m2/m3  X,, %  Xmodd, %  (Xexp - Xmodd)2 
T-70  21.4  0.169  40  0.0616  0.017  97.278  91.738  30.696 
T-64  23.9  0.342  40  0.1626  0.045  79.806  83.519  13.789 
T-62b  23.8  0.452  25  0.1321  0.058  79.952  78.493  2.130 
T-61  25.6  0.513  20  0.1444  0.080  81.558  75.999  30.902 
T-62a  28.9  0.451  25  0.1303  0.058  90.374  78.541  140.022 
T-60b  23.8  0.751  10.13  0.2095  0.227  69.713  69.602  0.012 
T-60a  21.7  0.756  10  0.2095  0.228  72.163  69.471  7.247 
T-68  21.5  1.503  10  0.2761  0.300  43.7  54.427  115.068 
Sum=  339.865 116 
Table G.6. Optimization results, made in inert (100% N2) environments at 900°C for silica 
impregnated with PbC12 solution 
Mpb, g/mol  207 
Material  silica, 100% N2 
wpb, g/g  5.40E-04  Cp, moUl  1.02E-08 
Temp., °C  900 
DAB, m2/s  8.99E-05 
m  6.00E-05 
SM density, kg/m  2300 
mpartide, kg  2.62E-10 
Ap, in2  1.1304E-08 
ke, m/s  2.998 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  1/min  g/min  m2 /m3  Xexp, %  Xmodel, %  (Xexp - Xmoded2 
T-72c  18  0.533  20  0.1589  0.085  73.712  74.846  1.286 
T-72b  25.6  0.533  20  0.2844  0.156  71.596  76.193  21.129 
T-79a  19.4  0.979  20  0.3754  0.202  64.018  62.717  1.692 
T-79b  18.9  1  20  0.163  0.088  67.452  55.605  140.341 
T-78b  19.3  1.186  15  0.3766  0.270  55.753  61.517  33.226 
T-78a  18.5  1.19  12  0.4509  0.403  61.403  68.140  45.383 
Sum=  243.057 117 
Table G.7. Optimization results, made in oxidative (8% 02) environments at 900°C for 
silica impregnated with PbC12 solution 
Mpb, g/mol  207 
Material  silica, 8% 02 
wpb, g/g  5.40E-04  Cp, mo1/1  9.98E-09 
Temp., °C  900 
DAB, m2/s  8.99E-05 
Dp, m  6.00E-05 
SM density, kg/m  2300 
mparbeie, kg  2.62E-10 
Ap, in2  1.1304E-08 
kc, m/s  2.998 
Test ID  Room T  Residence  Total gas  Particle mass  Fraction of Pb 
time  flow rate  flow rate  a  remaining in SM  Error 
°C  sec  I/min  g/min  m2/m3  Xexp, %  Xr., %  (Xe,, - X,,,,,,I)2 
T-76a  18.3  0.466  25  0.3051  0.131  96.012  78.925  291.951 
T-76b  20.7  0.467  25  0.3051  0.132  95.87  78.900  287.992 
T-75a  18  0.532  20  0.5941  0.318  86.73  79.352  54.433 
T-75b  19.8  0.534  20  0.4763  0.256  92.824  78.330  210.082 
T-81a  18.3  0.982  20  0.4096  0.219  58.861  64.207  28.584 
T-80a  15.6  1.19  15  0.5057  0.358  52.582  66.746  200.613 
T-80b  15.9  1.2  15  0.5571  0.395  51.821  68.290  271.237 
Sum=  1344.892 